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We  have  completed  the  design  of  an  experimental  system  for  time-resolved 
studies  of  alkali-noble-gas  excimer  molecules.  The  atm  of  this  work  is  to 
determine  the  dominant  formation  and  destruction  mechanisms  of  the  higher 
excited  states  of  these  interesting  and  potentially  useful  molecules. 

A new  region  of  Infrared  absorption  has  been  found  for  saturated  alkali 
vaoors.  The  absorption  shows  the  analog  of  the  ultraviolet  emission  continuer 
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Block  20  continued  - Abstract 

I 

of  the  molecule.  In  addition  evidence  is  found  for  alkali  trlmcrs  absorbing 
in  the  infrared. 

Preliminary  studies  of  the  spin  relaxation  rates  of  sodium  in  xenon  gas 
have  been  completed.  The  aim  of  these  studies  is  to  develop  an  efficient  way 
to  polarize  the  nucleus  of  Xe^‘^,  a very  slowly  relaxing  species  which  would 
be  of  great  interest  us  a component  of  nuclear  magnetic  resonance  gyroscopes. 

We  have  discovered  a novel  spatially  propagating  wavefront  which  is  ge- 
nerated by  laser  pumping  of  an  optically  thick  medium  to  a state  of  complete 
transparency.  The  wavefront  velocity  v is  related  to  the  number  of  photons  n 
absorbed  per  atom  by  v - I0(Nn)-l,  where  10  is  the  photon  flux  and  N is  the 
atomic  number  density. 

The  design  of  an  experiment  to  measure  the  magnetic  circular  diehroism 
of  saturated  alkali  vapors  has  been  completed.  The  results  of  this  experiment 
will  be  used  to  assign  quantum  numbers  to  several  prominent  but  poorly  under- 
stood absorption  bands  in  the  visible  and  near  ultraviolet  region  of  the 
spectrum. 

We  have  completed  the  preliminary  design  of  an  experiment  to  measure  the 
hvperfine  structure  of  the  unusually  long-lived  5D  state  of  the  cesium  atom. 
Because  of  the  very  narrow  natural  width  of  this  state,  exceptionally  high  re- 
solution is  possible.  We  hope  to  use  the  results  of  these  measurements  to 
make  the  first  precise  determination  of  the  nuclear  quadrupole  moment  of  the 
cesium  nucleus. 

o 

Optical  pumping  of  Ca  vapor  using  second  resonance-D^  light  at  4593  A, 
has  been  achieved . The  percent  spin-polarization  appears  to  saturate  with 
dye  laser  power  at  levels  much  lower  than  100X  and  to  decrease  with  Cs  tem- 
perature. This  saturation  of  polarization  is  somewhat  reduced  by  the  addi- 
tion of  N2  gas,  but  persists  even  at  a pressure  of  200  torr  fot  which  no 
radiation  trapping  is  possible.  It  appears  that  spin-exchange  between  Cs 
atoms  is  the  mechanism  limiting  spin  polarization  at  high  (N10^  cra~3)  Cs 
densities.  Theoretical  calculations  of  the  spin  polarization,  taking  into 
account  spin-exchange,  were  carried  out  and  are  in  qualitative  agreement  with 
the  experiment. 

Intermode  energy  transfer  processes  have  been  investigated  in  COFj,  OCS 
CH3COF  and  S02/***02.  Rates  and  cross  sections  for  individual  kinetic  steps 
due  to  collisions  have  been  obtained. 

Preliminary  measurements  of  vibrational  temperatures  have  been  made  in 
COFj  which  indicate  that  vj  and  \'2  modes  can  be  made  very  hot.  Multiphoton 
dissociation  of  COFi  using  a CO2  laser  has  been  observed  to  produce  F atoms. 

We  have  continued  our  investigation  of  coherent  transient  effects  in 
gases.  We  have  made  the  unprecedented  finding  that  an  echo  can  be  generated 
from  the  information  stored  in  a single  ajtomic  state.  This  enables  echoes  to 
be  used  to  study  the  effect  of  collisions  on  atoms  in  one  state.  An  echo  de- 
tection technique  which  utilizes  the  relative  polarizations  of  the  excitation 
pul ses  and  the  echo  has  been  developed  which  makes  echo  effects  much  easier 
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to  observe.  Finally  the  tri-level  echo  technique  (which  we  recently  de- 
veloped! has  been  used  to  perform  the  first  comprehensive  study  of  eol- 
1 Islonal lv -Induced  relaxation  of  high  Rydberg  S and  D states  in  an 
alkali  atom. 

Two  newly  developed  nitrogen  pumped  dve  lasers  are  used  to  generate 

• photon  echoes  in  LaF-j :Pr'+  at  pulse  separations  as  large  as  8.0  nsec. 

Oats  analysis  yields  excited  state  nuclear  quadrupole  splittings  of  0.73 
Mil/  and  1.12  MM/.  Inhomogeneous  broadenlngs  associated  with  these  split- 
tings are  found  to  lead  to  echo  modulation  damping.  We  have  also  ob- 
served an  unusual  dependence  of  homogeneous  relaxation  on  detuning  in  the 
inhomogeneous  profile  as  well  as  long-lived  stimulated  photon  echoes. 

A heteiuxivne  correlation  radiometer  for  the  sensitive  detection  of 
radiating  species  whose  Doppler  shift  is  known,  but  whose  presence  we  wish 
to  affirm  has  been  considered.  Such  radiation  (which  may  be  actively  in- 

* duced)  can  arise,  for  example,  from  remote  molecular  emitters,  impurities 
and  pollutants,  trace  minerals,  chemical  agents,  or  a general  multiline 
source.  A radiating  sample  of  the  species  to  be  detected  is  physically 
made  a part  of  the  laboratory  receiver,  and  serves  as  a kind  of  frequency- 
domain  template  with  which  the  remote  radiation  is  correlated,  after 
heterodyne  detection.  The  system  is  expected  to  be  especially  useful  for 
the  detection  of  sources  whose  radiated  energy  is  distributed  over  a 
large  number  of  lines,  with  frequencies  that  are  not  necessarily  known. 

Wo  have  also  considered  the  performance  of  a conventional  optical  hetero- 
dyne system  in  estimating  the  mean  intensity  of  a Gaussian  random  signal, 
and  shown  that  it  depends  on  the  degeneracy  parameter  of  the  signal  radia- 
t ion. 

A single-threshold  processor  has  been  derived  for  a wide  class  of 
classical  binary  decision  problems  involving  the  likelihood-ratio  detec- 
tion of  a signal  embedded  in  noise.  The  class  of  problems  we  considered 
encompasses  the  case  of  multiple  Independent  (but  not  necessarily  identi- 
cally distributed!  observations  of  a nonnegative  (nonpositive!  signal, 
nnbedded  in  additive,  independent,  and  noninterfering  noise,  where  the 
range  of  the  signal  and  noise  is  discrete.  Wo  have  shown  that  a compari- 
son of  the  sum  of  the  observations  with  a unique  threshold  comprises 
optimum  processing,  if  a weak  condition  on  the  noise  is  satisfied,  inde- 
pendent of  the  signal.  Examples  ot  noise  densities  that  satisfy  and  violate 
our  condition  were  tabulated.  The  results  were  applied  to  a generalized 
photocounting  optical  communication  system,  and  it  was  shown  that  most 
components  of  the  system  could  be  incorporated  into  our  model.  We  also 
obtained  exact  photocounting  distributions  for  a pulse  of  light  whoso 
intensity  is  exponentially  decaying  in  time,  when  the  underlying  photon 
statistics  are  Poisson.  It  was  assumed  that  the  starting  time  for  the 
sampling  interval  (which  is  of  arbitrary  duration)  is  uniformly  distri- 
buted. The  probability  of  registering  n counts  in  the  fixed  time  T was 
shown  to  be  given  in  terms  of  the  incomplete  gamma  function  for  n c 1 and 
in  terms  of  the  exponential  integral  for  n - 0.  Simple  results  are  ot 
interest  in  certain  studies  involving  spontaneous  omission,  radiation 
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damage  in  solids,  and  nuclear  counting. 

Stable,  thermally  re-cyclahle  Niobium  point-contact  Josephson  Junc- 
tions have  been  f abricated  which  are  suitable  for  operation  in  heterodyne 
detectors  (mixers)  at  millimeter  wavelengths.  A Josephson  mixer  at  115 
GHz  ('.5  mm-\)  has  demonstrated  an  efficiency  more  than  an  order  of  mag- 
nitude greater  *han  the  best  room  temperature  detectors.  A complete  re- 
ceiver is  now  being  constructed. 

Efforts  to  understand  the  noise  properties  of  a Josephson  mixer  have 
led  to  a digital  computer  simulation  which  agrees  well  with  measurements 
at  115  GHz. 

A fundamental  asymmetry  between  the  tunneling  probabilities  for  c 
electrons  and  holes  has  been  observed  in  ultrathin  Si02  layers  (20-30  A) 
which  is  explained  in  terms  of  the  E-K  dispersion  relation  in  the  energy 
gap  ol  the  SIO^.  These  probabilities  have  been  measured  on  the  same  MOS 
samples  using  a new  experimental  technique  combining  dark  characteristics 
with  measurements  of  photocurrent  suppression  by  the  Si02  layer. 

A general  theory  is  presented  to  describe  the  carrier  transport 

across  heterojunction  interfaces.  In  matching  the  boundary  conditions 

at  the  interface,  the  conservation  of  total  energy  and  perpendicular 

momentum  is  assumed  and  the  difference  of  effective  masses  on  two  sides 
of  the  junction  is  taken  into  account.  The  quantum  mechanical  transmis- 
sion coefficient  is  calculated  by  a combined  numerical  and  VKB  method. 
Application  of  the  present  model  to  an  AlxGa^_xAsGaAs  N-n  heterojunction 
is  performed  and  it  gives  rise  to  rectifying  characteristics  together 
with  non-saturated  reverse  current.  Comparison  with  the  classical  ther- 
mionic emission  model  is  made  to  show  the  significance  of  tunneling  and 
the  effect  of  quantum  mechanical  reflection. 

An  experimental  study  has  been  made  of  the  electronic  properties  of 
rectifying  metal-C.e  (n-type)  contacts  for  a range  of  metals  (Au,  Cu,  Ag, 
Pb  and  Ni)  and  their  optoelectronic  characteristics  under  monochromatic 
illumination  for  \ * 0.6328  um.  For  each  metal,  very  nearly  ideal  T-V 
characteristics  were  obtained  with  n values  from  the  exponential  forward 
bias  region  of  1.02  to  1.08  and  excellent  reverse  saturation  at  300°K. 

The  dependence  of  photoresponse  on  thickness  of  various  metal  electrodes 
(from  50  X to  more  than  1000  X)  was  observed.  <t> g ’ s found  from  1-V  and 
C-V  measurements  are  In  close  agreement  within  ± 0.03  eV.  The  dependence 
of  quantum  efficiency  (Q.E.)  upon  metal  thickness  was  measured  for  all 
metals  and  these  results  exhibit  the  expected  decline  in  Q.E.  with  d > 

100  X.  For  d s 100  A,  Q.E.  can  go  as  high  as  75%  at  X » 6328  X. 
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I . RELAXATION  AND  ENERGY  TRANSFER  IN  ALKALI  METALS 


A.  TIME-RESOLVED  SPECTROSCOPY  OF  ALKALI-NOBLE  GAS  EXCIMERS* 

(W.  Happor,  N.  0.  Rhaakar,  A.  Vasilakls) 

The  lifetimes  of  the  alkali-noble  gas  molecules  are  of  great  Interest. 
These  exeimer  molecules  are  potential  laser  candidates.  Life- 

time measurements  would  also  be  a check  on  existing  potential  curves  for  the 
alkali-noble  gas  pairs. In  our  first  attempts  to  measure  these  lifetimes 
we  encountered  various  difficulties  which  required  us  to  modify  our  system. 

We  began  a series  ol  improvements  on  our  system,  which  we  hoped  would  improve 
our  accuracy  and  quicken  data  accumulation. 

The  apparatus  consists  of  a tunable  dye  laser  pumped  by  a nitrogen  laser. 
The  laser  pulses  are  passed  through  a filter  and  focused  on  a heated  cell  con- 
taining an  alkali  and  a noble  gas.  Fluorescence  is  then  focused  into  a 3/4 
meter  SPF.X  monochromator  after  passing  through  a filter  and  is  detected  by  a 
suitable  photomultiplier  having  a fast  risetime  (1.2  ns  RCA  C31024A).  The 
signal  is  then  put  into  a sampling  oscilloscope  which  is  triggered  by  part 
of  the  dye  laser  pulse  going  to  a photodiode  (risetime  < .5  ns).  Finally,  the 
oscilloscope  is  connected  to  a PPP8/F.  minicomputer  operating  as  a signal  avera- 
ger. The  data  for  the  laser  pulse  and  for  the  fluorescent  decay  are  then  put 
into  a computer  which  deconvolutes  the  lifetime  from  the  instrumental  time 
response. 

Modifications  were  done  to  our  nitrogen  laser  to  improve  its  peak  power 
and  stability.  We  found  that  the  spark  gap  triggering  for  the  nitrogen  laser 
was  a major  problem.  It  fired  eratically  and  did  not  produce  regular  and 
Identical  pulse  shapes.  Resides  this  problem,  the  spark  gap  needed  frequent 
spark  plug  changes,  due  to  rapid  destruction  of  the  electrode.  This  led  us  to 
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Schematic  of  experimental  apparatus  for  time-resolved 
spectroscopy. 
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replace  the  spark  gap  with  a thyratron  (EC  A G model  HY-1102)  which  is  more 


reliable  and  would  allow  us  to  pulse  the  laser  faster  (0  to  AO  pps).  The 
wiring  information  for  the  thyratron  can  be  obtained  from  EG  & G and  informa- 
tion on  the  Marx  circuit  can  be  found  in  reference  A. 

Since  the  thyratron  would  cause  us  to  lose  peak  power,  we  replaced  the 

mirror  in  the  nitrogen  laser  with  a dielectric  mirror  for  the  UV,  which  has 
better  reflecting  qualities.  Installing  a stirring  motor  under  the  dye  cruet 
ensures  that  a new  volume  of  dye  is  pumped  after  every  pulse.  Because  of 

the  higher  pulse  rates,  we  will  be  using  this  to  maintain  high  peak  power 

from  the  dye  laser.  In  addition,  to  help  maintain  peak  power  from  the  ni- 
trogen laser,  the  flow  of  nitrogen  through  the  laser  cavity  was  increased. 
This  helps  to  remove  the  remaining  unrelaxed  nitrogen  from  the  laser. 

At  present  the  problem  which  is  hampering  our  progress  on  the  experi- 

# ' * 

ment  is  RF  noise  generated  by  the  triggering  of  the  nitrogen  laser.  We  are 
confident  that  wo  can  remove  the  RF  noise  by  using  some  electronics  and  by 
adding  more  rf  shielding  on  the  nitrogen  laser. 

*This  work  also  supported  bv  the  Army  Research  Office  (Durham)  under 
Grant  DAAG29-77-G-001 s. 

(1)  A.  V.  Phelps,  JILA  Report  No.  110,  September  15,  1972. 

(2)  George  York  and  Alan  Gallagher,  JI1.A  Report  No.  11A,  October  15,  197A. 

(3)  J.  Pascale  and  J.  Vandeplanque , Service  de  Physique  Atomique  Centre  d' 
Etudes  Nueleaires  de  Saclay  France,  March  197A 

(A)  S.  I.  Farker  and  C.  A.  Rev,  Nucl.  Tnstr.  and  Methods  AJ3,  361  (1966). 
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B.  CROSS  FLUORESCENCE  OF  ALKALI  DIMERS  AND  ALKALI-NORLF.  GAS  FXCIMERSf 

(N.  D.  Bhaskar,  E.  Zouboulis,  R.  Novak,  W.  Mapper) 

Preceding  progress  reports  have  discussed  emis>  Ion  and  absorption  bands 
In  alkali  dimers  and  alkali-noble  gas  excimers.^^  The  bands  studied  Indicated 
transitions  between  the  ground  state  . id  an  excited  state.  These  transitions 
occurred  in  the  visible  and  no.  . .u rared  region  of  the  spectrum,  a region 
detected  by  photomultiplier  tubes.  During  the  past  year,  laser  induced  tran- 
sitions between  ’ wo  excited  states  have  been  studied.  Such  transitions  occur 
at  wavelengths  beyond  1.0  u;  molecular  transitions  in  tills  region  have  not  been 
studied  extensively  since  It  is  beyond  the  range  of  photomultipl ier  tubes. 

A commercial  dewar-tvpe  lead  sulfide  detector  was  used  in  the  apparatus 
shown  in  Fig.  1.  Considerable  «irk  was  done  to  optimize  the  signal  to  noise 
ratio  of  this  detector.  For  the  spectral  region  between  1.0  p and  2.0  u, 
best  results  were  obtained  with  a load  resistor  which  had  approximately  the 
same  resistance  as  the  dry  ice  cooled  lead  sulfide  detector.  The  signal  was 
taken  across  the  load  resistor  in  series  with  the  lead  sulfide  crystal;  the 
chopping  frequency  was  75  Hertz. 

The  first  studies  were  made  on  Cs0  molecules.  An  evacuated  cell  con- 
taining cesium  was  placed  in  a glass  oven  and  heated  to  temperatures  between 

250° C and  350°C.  In  this  range,  the  saturated  cesium  vapor  has  a number 

If'  ^ 

density  of  .75  - 8.5  x 10  /cm  ; of  this,  Cs,  is  approximately  IT  of  the  total 
vapor  pressure.  Several  lines  of  the  argon- ion  laser  fall  within  the  C-band 
of  the  absorption  spectra  of  Cs^.  Using  these  lines,  an  emission  band  was 
found  between  1.50  u and  1.63  p.  The  shape  of  the  emission  band  depends  on 
the  wavelength  of  the  exciting  laser  line;  the  spectra  in  Fig.  2a  were  produced 
using  the  4880  A and  5145  A lines.  The  energy  levels  appear  in  Fig.  2b;  the 
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Figure  1:  Apparatus  used  to  detect  hands  between  1,0  p and  2,0  p. 


laser  line  might  populate  several  closely  spaced  excited  states;  a single 

state  E has  been  used  to  signify  these  states.  The  transition  detected  is 

believed  to  be  from  this  E state  to  a final  state  or  states  F.  The  symmetry 

of  the  ground  state  is  0 ; of  state  E,  0 or  1 ; of  state  F,  0 , 1 , or  2 . 

R u u g g g 

(2) 

These  results  will  be  published  shortly. 

Cells  with  cesium  and  several  atmospheres  of  an  inert  gas  were  also 

O 

studied.  The  4579  A line  of  the  argon  ion  laser  lies  between  the  two  second 

resonance  lines  of  cesium.  Through  pressure  broadening,  the  cesium  atom  may 

be  excited  to  the  7P  state  and  forms  anexcimer  with  a noble  gas  atom.  Decays 

of  the  excimer  to  the  ground  state  have  been  extensively  studied  in  recent 
(3) 

years.  The  excimer  transitions  between  the  7S  and  6P  excited  states  were 
studied  using  cells  with  approximately  three  amagats  of  noble  gas.  As  shown 
in  Fig.  3,  in  the  excited  state,  there  is  an  attractive  potential  between  a 
cesium  atom  and  a noble  gas  atom.  From  the  potential  energy  diagram  of  the 
7S  and  6P  states,  an  excimer  transition  ^Sj/2’1/2  ^*1/2*1  /2^  is  ^P®0*^ 

on  the  red  side  of  the  ^Pi/2  atomic  l*ne;  two  excimer  transitions 

<7Sl/2* 1/2  "*  6P3/2’3/2  and  7Sl/2’l/2  * 6P3/2’l/2^  are  exPected  on  the 

red  side  of  the  "*■  6P^/2  atom*c  line.  These  transitions  have  been 

found  in  cesium  cells  containing  Ne,  Ar,  Kr,  and  Xe  (Fig.  4).  No  excimer 

peaks  have  been  seen  in  the  cesium  helium  cell  above  the  noise  level.  Cesium- 

' (4) 

helium  excimer  absorption  has  recently  been  found  by  Sayer  ; the  correspon- 
ding transition  studied  here  vrould  be  too  small  to  detect  above  the  noise 
level . 

Table  I contains  the  position  of  the  peaks.  The  7 / 2 * l / 2 P°tentia^s 
have  been  plotted  experimentally  by  Sayer, the  6P  potentials  by  Hedges. 

Both  sets  of  potentials  have  errors  of  approximately  100  cm  The  differences 

between  the  minima  of  the  potential  wells  in  these  papers  agree  fairly  well 
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Figure  3:  Qualitative  potential  energy  curves  of  the  7S  and  6P  states  o 
cesium  noble  gas  molecules  taken  from  the  curves  of  Pascale. 


IR  FLUORESCENCE  (ARBITRARY  UNITS) 


TABLE  I 


with  our  measurements  for  the  7S1/2,1/2  - and  7S1/2,1/2  - 6PJ/2,3/2 

transitions.  A discussion  of  these  bands  appears  in  a paper  to  be  published 
shortly. 

Preliminary  work  has  been  done  on  potassium  and  rubidium  noble  gas 
excimers  to  find  similar  emission  bands.  Cells  containing  potassium  and  xenon 
were  excited  to  the  second  resonance  state  by  the  4067  A line  of  a krypton  Ion 
laser;  rubidium  cells  with  krypton  or  xenon  were  excited  using  the  5145  A and 

O 

5017  A lines  of  an  argon  ion  laser.  Their  spectra  appear  in  Fig.  5.  Work  Is 
planned  to  identify  the  rubidium,  potassium,  and  also  sodium-noble  gas  Infrared 
bands.  The  ultraviolet  lines  of  the  krypton-ion  laser  fall  close  to  the  second 
resonance  lines  of  sodium.  Temperature  and  pressure  profiles  of  these  bands 
should  help  to  clarify  the  potential  energy  curves  for  these  states. 

*This  research  was  also  supported  by  the  Army  Research  Office  (Durham)  under 
Grant  DAAG29-77-G-0015. 

(1)  Progress  Report,  June  30,  1976  p.38;  March  31,  1977  p.57;  March  31, 

1978  p.144,  p. 155. 

(2)  N.  D.  Bhaskar,  E.  Zouboulis,  R.  Novak,  and  W.  Happer,  "Laser-Excited 
Cross  Fluorescent  Emission  from  Cesium  Molecules,"  to  be  publihsed  in 
Chemical  Physics  Letters. 

(3)  A.  C.  Tam,  T.  Yabuzaki,  S.  M.  Curry,  and  W.  Happer,  Phys.  Rev.  A 18, 

196  (1978).  — 

(4)  B.  Sayer,  M.  Ferray,  J.  P.  Visitcot,  and  J.  Lozingot,  J.  Chem.  Phys. 

68,  3618  (1978). 

(5)  B.  Sayer,  J.  P.  Visitcot,  and  J.  Pascole,  J.  De  Physique,  39^,  361  (1978). 

(6)  R.  E.  M.  Hedges,  D.  L.  Drummond,  and  A.  Gallagher,  Phys.  Rev.  A.  6, 

1519  (1972). 

(7)  J.  Pascale  and  J.  Vandoplanque,  J.  Chem.  Phys.  60,  2279  (1974). 


C.  SPIN  EXCHANGE  AND  RELAXATION  IN  Na  NOBLE  GAS  MIXTURES* 

(M.Hou,  B.  Suleman,  N.  Bhaskar,  W.  Happer) 

It  has  been  shown ^ that  very  efficient  transfer  of  angular  aonantua 
can  take  place  in  collisions  between  spin  polarized  alkali  atoms  and  the 
I heavy  noble  gas  nuclei.  We  are  trying  to  apply  this  spin  exchange  polarisa- 

tion method  using  sodium  to  polarize  the  xenon  nuclei: 

Na  (t)  + Xe  ( + ) -*•  Na  ( + ) + Xe  (f) 

i.e.  the  optically  pumped  sodium  atom  transfers  its  polarization  to  the  unpo- 
larized xenon  nucleus. 

The  sodium  spin  depolarization  rates  in  xenon  gas  are  being  measured. 

The  experimental  set  up  is  shown  in  Fig.  1;  a 1.5  ml  1720  glass  cylindrical 
cell  containing  Na  metal,  600  torr  of  helium  gas,  10  torr  of  nitrogen,  and 
several  torrs  of  xenon  is  contained  within  a resistance-heated  oven  which 
maintains  the  cell  temperature  at  about  280°C.  A strong  puaiping  beam  is 
used  to  establish  a large  ground-state  polarization  in  the  Na  vapor.  When  the 
strong  beam  is  suddenly  removed  by  a chopper,  the  subsequent  evolution  of 
polarization  in  the  Na  vapor  is  measured  by  monitoring  the  absorption  of  a 
weak  probe  beam  which  has  been  attenuated  by  a factor  of  10  * to  10  ® from 
the  strong  beam  and  has  negligible  influence  on  the  relaxation.  In  order  to 
prevent  the  photomultiplier  from  being  saturated  by  the  strong  beam,  we 
introduce  a small  angular  deviation  (less  than  5°)  between  these  two  beams 
so  that  the  transmitted  pump  beam  can  be  blocked  and  only  the  probe  beam 
can  get  through  to  the  photomultiplier.  A special  chopper  blade  which  gives 
us  four  sequences  with  pump  beam  and  probe  beam  on  and  off  separately  is  shown 
in  Fig.  2.  By  using  this  chopper  blade,  we  can  obtain  the  following  decay 
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curve  of  Na,  as  shown  in  Fig.  3;  region  I corresponds  to  pump  on,  probe  off; 
region  II  pump  on,  probe  on,  region  III  pump  off,  probe  on;  region  IV  pump 
off,  probe  off. 

Preliminary  measurements  of  the  sodium  relaxation  rates  can  be  inter- 
preted in  terms  of  a binary  collision  cross  section  for  spin  depolarization 

(2) 

which  is  of  the  same  order  as  that  reported  by  Anderson  and  Ramsey. 

However,  there  are  serious  doubts  as  to  whether  relaxation  is  due  to  binary 
collisions  or  to  three  body  collisions,  and  further  studies  will  be  necessary 
to  determine  the  relaxation  mechanism  and  the  spin  exchange  rates  of  process 


*This  research  was  also  supported  by  the  Air  Force  Office  of  Scientific 
Research  under  Grant  AFOSR-74-2685. 

(1)  B.  C.  Groves,  Phys.  Rev.  Lett.  40,  391  (1978). 

(2)  A.  T.  Ramsey  and  L.  W.  Anderson,  Nuovo  Cimento  32,  1151  (1964). 
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P-  PROPAGATING  OPTICAL  PUMPING  WAVEFRONTS 

(M.  Hou , B.  Suleman,  N.  Bhaskar,  W.  Happer) 

A spatially  propagating  wavefront  which  is  generated  by  laser  pumping 
of  an  optically  thick  medium  to  a state  of  1002  transparency  has  been  dis- 
covered unexpectedly  during  the  Na  spin  relaxation  measurements.  As  shown  in 
lig.  3 of  the  previous  report,  the  slow  rising  in  region  IT  has  a time 
constant  of  the  order  of  several  milliseconds.  It  cannot  be  explained  as 

an  indication  of  pumping  rate  since  the  pumping  rate  is  of  the  order  of 
4 .5  -l 

10  to  10  sec  . The  slow  rise  becomes  apparent  only  w'hen  the  cell  tem- 
perature is  high,  about  225°C  and  above.  Our  explanation  is  that  at  high 
temperatures  the  vapor  becomes  optically  thick  and  the  slow  rise  shows 
the  rate  at  which  the  pump  beam  burns  through  the  cell. 

A simple  model  is  shown  by  Fig.  1.  Suppose  by  collision  and  radia- 
tive decay  a fraction  f of  spin-up  excited  atoms  decays  to  the  spin-up 
sublevel  of  the  ground  state.  The  rate  equations  of  the  number  densities  of 
the  ground  state  atoms  are 


Nx  - -2RN,  - (1  - f)2RNJ  - -2RfN 

O t T 4 4 4 


(\) 


2RfN4 


12) 


where  the  mean  pumping  rate  R is  equal  to  the  product  of 
flux  I and  the  mean  optical  absorption  cross  section  o. 
ol  the  pumping  light  is  given  by 


the  local  photon 
The  attenuation 


2 1 


-2N4ol 


U> 


18 


The  boundary  conditions  are  that  T(z-O)  = I , the  incident  light  intensity, 
and  that  the  atoms  are  initially  unpolarized,  i.e.  (t«0)  » N/2,  where  N 
is  the  total  number  density,  N = + N,.  Solving  eqs.  (1)  and  (3)  sub- 

ject to  these  boundary  conditions,  we  can  get  the  local  photon  absorption 
rate  2RN  . 

T 

R, 

2RN4  = ~ sech"  “ (z  -vt  1 (4) 

z » (Nb)  * and  t >>  (2fR^j  ^ where  the  propagation  velocity  is  v * 

Iy(Nn)  n is  the  absorbed  photons  per  atom.  Taking  into  consideration 
hyperfine  structure  and  spin  relaxation,  the  photon  absorption  rate  will 
have  a more  complicated  form  than  given  by  eq.  (4),  but  the  propagation 
velocity  will  have  the  same  form.  So  this  gives  us  a direct  way  of  deter- 
mining the  important  parameter  n. 

The  experimental  setup  for  directly  measuring  the  velocity  is  shown  in 
Fig.  2:  a 70  mm  long  and  12  mm  diameter  cell  filled  with  Na  metal,  10  torr 
of  and  600  torr  of  He  is  heated  to  225°C  - 275°C  in  a longitudinal  mag- 
netic field  H of  about  10  Gauss.  A Wollaston  prism  is  used  to  split 
the  laser  beam  into  two,  one  is  left,  the  other  right  circularly  polarized. 
By  rotating  the  prism  the  relative  intensities  of  the  two  beams  can  be  ad- 
justed to  any  desired  value.  A lens  is  used  to  project  an  image  of  the  cell 
onto  the  face  of  the  photomultiplier.  A narrow  slit  in  the  focal  plane  is 
• used  to  isolate  the  fluorescence  from  a small  region  of  the  cell.  The 

entire  cell  can  be  scanned  by  moving  the  slit  and  photomultiplier  parallel 
to  the  cell  axis.  The  picture  shown  in  Fig.  3 is  taken  at  different  posi- 
tion z.  It  shows  the  delay  time  for  the  beam  to  reach  the  detected  po-y 
sition  and  gives  n direct  measurement  of  vel  or  I t V,  wit  I eh  agrees  with  I lie  pie 


diction  of  eq.  (4). 


Figure  2:  Apparatus 


FLU0RE5CENCE  INTENSITY 
(ARB. UNITS) 


Figure  3:  Experimentally  measured  fluorescence  for  arrangement  of  Fig.  2. 

Power  of  the  laser  beam  at  the  input  face  z = 0 is  typically  40 
mW.  (a)  Beam  L alone  at  input  face  z = 0.  (b)  Beam  L alone  at 

z = 2 cm  from  input  face.  (c)  Both  L and  R beams  of  different 
initial  intensities  are  launched  simultaneously  and  observed  at 
z = 4.65  cm  from  input  face.  (d)  Same  conditions  as  in  (c)  ex- 
cept both  L and  R are  attenuated  by  50%  before  entering  the  cell 
The  vertical  scales  in  (a)-(d)  are  not  the  same. 
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*fhis  research  was  also  supported  by  the  Air  Force  Office  of  Scientific 
Research  under  Grant  AFOSR-74-2685. 
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MAGNETIC  CIRCULAR  DICHROISM  (MCD)  OF  ALKALI  VAPORS* 


(B.  Sul oman. 


W.  Happer) 


The  possible  use  of  alkali  dimers  in  high  power  tuneable  dye  lasers 

as  suggested  by  York  and  Gallagher,  has  generated  considerable  interest 

in  the  study  of  alkali  spectra.  Na.,  has  already  been  shown  to  lase  on 

(2) 

many  transitions.  However,  not  very  much  is  known  about  the  transition 
moments  and  coupling  schemes  of  alkali  dimer  bands,  especially  in  the  vi- 
sible. An  example  of  such  absorption  bands  for  C.s.,  is  shown  in  Fig.  1. 

The  unusually  narrow  bands  near  7100  X are  believed  to  originate  from  *£ 
ground  state.  However,  an  unambiguous  assignment  of  the  bands  of  Fig.  1 
still  does  not  exist.  Similarly  there  is  a large  number  of  exeimer 
bands  in  alkali-noble  gas  systems  for  which  the  transition  moments  and 
coupling  schemes  are  not  known.  No  direct  measurement  of  these  quantities 
has  been  reported  yet.  Experimental  data  on  MCD  of  these  bands  can  yield 
Information  regarding  coupling  schemes  and  transition  moments. 

The  phenomenon  of  MCD  is  illustrated  in  Fig.  2.  In  isotropic  media 
that  are  not  optically  active,  the  absorption  coefficients  (k+,  k_)  of 
left  and  right  circularly  polarized  light  (o+,  o ) are  identical,  i.e. 
k+  ■ k Ak  • 0.  In  the  presence  of  a longitudinal  magnetic  field  k+  and 
k do  not  remain  symmetric  and  Ak  + 0.  This  preferential  absorption  of 
one  sense  of  polarization  is  called  MCD. 

(4) 

It  is  customary  to  identify  three  different  contribut .ons  A,  B and 
C to  the  MCD.  The  A contribution  is  due  to  the  Zeeman  splitting  of  the 
degenerate  Initial  and  final  states  of  the  transition.  The  perturbation  of 
the  wave  functions  of  the  system  give  rise  to  the  term  B.  The  component  C 
is  due  to  unequal  population  in  the  Zeeman  split  sublevels  of  lower  states, 
which  is  caused  by  the  lining  up  of  the  ground  state  spins  In  the  presence 
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H 


n 
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660°K.  T~  was  varied  between  685°K  to  761°K 


of  an  external  magnetic  field.  If  f (tu)  is  the  band  shape  of  the  transition 
in  the  absence  of  a magnetic  field  H,  then  the  MCD  for  bands  like  those  in 
Fig.  1 can  be  written  as 


Ak 


+ <B  + s)£i  bh 


(l) 


where  6 is  the  Bohr  magneton  and  n is  a constant.  B is  usually  small  and 
can  be  neglected. 

In  the  case  of  a Z Z transition  A ■ C * 0 and  there  should  be  no 

MCD  as  indicated  in  Fig.  3a.  The  coefficient  A is  non-zero  only  when 

either  ground  or  excited  state  has  a degeneracy  which  can  be  lifted  with  a 

magnetic  field.  The  MCD  for  aI->IIorII-*-n  transition  is  shown  in  Fig. 

3b.  The  C terms  exist  only  when  ground  state  is  paramagnetic  (for  example 
2 1 

I or  II).  Increasing  randomization  of  spins  with  increasing  temperature 
is  a characteristic  of  paramagnetic  C term  and  its  effect  for  different  T 
is  shown  in  Fig.  3c.  A non-zero  C term  proves  the  existence  of  a para- 
magnetic ground  state. 

The  MCD  of  alkali  vapors  has  not  yet  been  measured  because  of  their 
highly  corrosive  nature  and  very  small  signal.  The  ratio  of  MCD  to  zero 
field  absorption  is 


Ak  _ BH  _ 
k Au>0 


(2) 


at  1000  gauss  where  Au>o  is  the  band  width.  To  detect  such  a small  signal 
we  are  using  modulation  technique  of  lock-in  amplifiers.  Although  we  have 
not  yet  made  any  measurements,  we  have  almost  completed  setting  up  an  ex- 
periment which  is  shown  in  Fig.  4.  A tungsten  ribbon  lamp  is  used  to 
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illuminate  the  slit  of  a monochromater . The  monochromatic  light  passes 
through  a "rotating  polariser" . This  is  shown  in  Fig.  5.  A Polaroid 
sheet  is  cut  in  two  rectangular  plates  in  such  a way  that  the  polarization 
direction  makes  a 45°  angle  with  the  shortest  sides  of  the  plates.  Each 
of  these  plates  is  bent  in  a semicircular  form  and  mounted  inside  an 
aluminum  cylinder  as  shown.  The  assembly  is  rotated  about  a vertical 
axis.  A light  beam  passing  through  the  center  is  modulated  between  two 
perpendicular  polarizations.  The  light  after  passing  through  a X/4-plate 
gives  us  o+  and  a alternately.  The  beam  is  then  focused  in  a CS2  cell 
which  is  placed  inside  a long  water  cooled  solenoid  capable  of  producing 
an  axial  magnetic  field  of  up  to  3000  Gauss.  The  transmitted  light  is 
detected  by  a photomultiplier  tube  whose  signal  is  fed  to  a lock-in  amp- 
lifier. If  I is  the  intensity  of  both  o+  and  o_  light  before  the  cell, 
then 


(3) 


l is  the  length  of  the  cell  and  I+,  I_  are  the  intensities  of  o+  and  o_ 

transmitted  light.  The  lock-in  amplifier  is  locked  to  the  frequency  of 

the  rotating  polarizer  and  records  I+  - I_.  Then  Ak  is  plotted  on  a chart 

recorder  as  a function  of  wavelength  of  light. 

« 

The  effect  of  "C"  term  can  be  determined  unambiguously  by  applying 

a microwave  field  of  appropriate  frequency. 

\ 

*This  research  was  also  supported  by  the  Army  Research  Office  (Durham) 
under  Grant  DAAG29-77-G-0015. 
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K t xu r o r>:  Exploded  view  of  Polarizing  Rotator  00 ' Is  the  path  of  light 

along  k.  Unpolar  1 zed  Incident  light  is  polarized  along  e and  o., 
alternatively  after  passing  through  the  center  of  cylindrical 
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INFRARED  ABSORPTION  OF  ALKALI  MOLECULES* 


(N.  D.  Bhaskar,  E.  Zouboulis,  A.  Vasilakis,  W.  Happer) 

We  have  recently  discovered  new  infrared  absorption  in  potassium,  rubi- 
dium and  cesium  saturated  vapors  out  to  at  least  2.5u.  Chertoprud  has  re- 
ported absorption  beyond  the  edge  of  the  A band  (l.lp)  in  saturated  potassium 

vapor. ^ He  has  ascribed  this  absorption  to  an  intercombination  transi- 

1 + 3 + 

tion  (X  -*■  E^).  We  have  recently  completed  studies  of  the  temperature 

dependence  of  the  new  infrared  absorption  bands  and  these  studies  show 

clearly  that  Chertoprud' s assignment,  while  plausible,  cannot  be  correct. 

3 + 3 + 

We  believe  the  absorption  from  l.ly  to  l.bp  to  be  the  I I transition 

« 8 

in  the  alkali  dimer  molecule.  This  is  the  analog  of  the  ultraviolet  emis- 
sion continuum  of  the  molecule.  The  absorption  from  l.bp  to  2. On  cannot 
be  explained  by  dimers;  however,  it  seems  to  be  consistent  with  absorption 
from  potassium  trlmers. 

It  is  known  that  the  absorption  coefficient  an(X,T)  for  a cluster  of 

(2) 

n alkali  atoms  can  be  written  as 

an(X,T)  - C(X)exp[-(nE  + V)/RT]  (1) 

where  E is  the  latent  energy  of  vaporization,  n is  an  integer  which  is  equal 

to  the  number  of  atoms  in  the  cluster  and  V is  the  potential  for  which  an 

electronic  transition  of  wavelength  X is  possible.  Note  that  E can  be  written 

in  terms  of  the  latent  heat  i as  E - i - RT  where  T is  the  temperature  at 

which  a (X,T)  is  measured, 
n 

The  slope  of  the  graph  log  a vs.  1/T  gives  us  the  activation  energy 
(E (X ) * nE  + V).  In  the  case  of  potassium  E * l - RT  ■ 18.4  Real  at  T * 

943°K.  In  Fig.  1C  the  activation  energy  of  potassium  as  compared  to  2E  and 
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3E  is  plotted  as  a function  of  A. 


Presently  we  have  completed  a study  of  cesium  saturated  vapor  which 
also  absorbs  in  the  same  wavelength  region.  However,  the  mechanism  for 
this  absorption  is  still  unclear.  The  region  beyond  1.92p  is  also  a puzzle 
to  us  because  its  activation  energy  is  not  high  enough  to  be  associated 
with  loosely  bound  trlmers.  A paper  on  our  cesium  work  is  now  in  preparation. 

The  experimental  apparatus  consists  of  a heatpipe  which  is  used  to 


produce  an  alkali  metal  vapor  column  of  determinable  length  (approximately 
20  cm).  Using  a series  of  thermocouples  on  the  outside  of  the  heatpipe  the 
length  can  be  determined  to  + 1 cm.  The  saturated  vapor  pressure  and  tem- 
perature of  the  alkali  vapor  are  controlled  by  using  helium  buffer  gas  at 
the  desired  pressure.  Vapor  pressure  equations  are  found  to  agree  to  within 
1%  for  potassium  and  to  within  5%  for  cesium  in  our  experiment. 

An  ordinary  quartz  halogen  lamp  is  used  as  the  source  of  infrared.  The 
infrared  radiation  is  chopped  at  a frequency  of  191  Hz.  The  collimated  beam 
is  then  absorbed  by  the  saturated  vapor  column  in  the  heatpipe  and  imaged 
into  a spectrometer  slit.  A PbS  detector  is  used  and  the  signal  is  amplified 
by  a lock-in  amplifier  and  recorded  on  a chart  recorder. 

We  measure  the  intensity  when  the  heatpipe  is  cold  Tq  (no  absorbing 
vapor)  and  when  it  is  hot  T (vapor  absorbs)  as  a function  of  wavelength  and 
we  determine  a. 


a(\,T) 


7.-1  In 


’I 


o(i*V 

1 (A ,T) 


(2) 


As  mentioned  earlier,  graphing  log  u vs.  1/T  yields  the  activation  energy 
which  contains  the  information  on  V(A)  and  on  nE.  At  present  we  are  studying 
sodium  in  the  infrared  beyond  l.Oy  up  to  2.5p.  (We  hope  that  in  the  case  of 
sodium  beyond  the  expected  -*■  T.  absorption  we  will  sec  the  trlmers  which 
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did  not  show  up  clearly  In  our  ceatum  data.}  In  addition  to  thin  experiment 
we  plan  to  go  back  to  cesium  in  the  future  to  clear  up  the  mystery  in  Us 
activation  energy.  A two  temperature  oven  is  being  designed  lit  the  high 
temperature  side  of  which  pressure  (P)  and  temperature  (T)  can  he  varied  in- 
dependently. if  the  ahsorpt ion  is  proportional  to  the  number  density  cubed, 
it  is  due  to  trimers.  If  ft  is  proportional  to  the  number  density  squared, 
then  it  is  due  to  dimers.  Other  possible  experiments  In  the  future  Include 
studying  rubidium  and  lithium  lit  the  Infrared. 

*This  work  was  also  supported  by  the  Army  Research  Office  (Durham!  under 
Grant  DAAG29-77-G-0013. 

(1)  V.  E.  Chertoptud,  Teploflnflka  Vysokikh  Temperatur  14,  71b  (1976). 

(2)  N.  D.  Bhaskar,  E.  Zouhoulls,  T.  McClelland,  and  W.  Dapper,  Phys.  Rev. 
Lett.  42,  640  (1979). 


OPTICAL  PUMP  INC  OF  Al.KALl  VAPORS  WITH  SF.CONP  RF.SONANCF.  LIGHT  AND 


THE  SPIN-EXCHANGE  BOTTLENECK* 

(J.  Liran,  J.  Pletras,  J.  Camparo,  W.  Mapper) 

Our  Interest  In  ground  state  optical  pumping  of  alkali  atoms  using 
second  resonance  excitation  stems  mainly  from  our  concurrent  interest 
In  the  photochemical  production  of  "laser  snow"  through  the  reaction 


A*  + II2  V AH  + H (n 

A*  ■ alkal i atom  excited  to  second  resonance 

(A) 

discovered  in  our  laboratory  In  l‘>75.  By  optically  pumping  a particular 
alkali  vapor  in  the  presence  of  H,  with  second  resonance  light,  one  can 
use  rad io frequency  spectroscopy  to  control  the  photochemical  reac- 
tion In  (1).  For  example,  imagine  optically  pumping  the  Cs  atoms  in  a 
cell  containing  Cs  vapor  and  H,  gas  (plus  buffer  gas).  At  the  point  of 
complete  spin  polar  1 zat Ion,  the  Cs  vapor  becomes  transparent  to  the  pumping 
light,  and  the  production  of  laser  snow  censes,  since  the  reaction  In  (1) 
cannot  occur.  By  applying  RF  or  microwave  magnetic  resonance  fields  to 
depolarize  the  Cs,  the  Cs  atoms  can  again  be  made  to  absorb  the  light,  and 
the  production  of  laser  snow  will  resume.  In  this  way,  one  can  actually 
control  the  photochemistry  of  (1).  Extending  these  ideas  a step  further, 

this  scheme  can  also  be  used  as  a means  of  isotope  separation  in  alkali  metals. 

85  87 

For  instance,  imagine  optically  pumping  natural  Rb  (72T  - Rb  ; 28T.  - Rb  ) 

In  the  presence  of  H^  (plus  buffer  gas)  so  both  Isotopes  are  completely  spin 

polarized.  By  applying  RF  or  microwave  magnetic  resonance  fields  tuned 

8 5 

to  the  resonance  of  one  Isotope  (e.g.  Rb  ),  atoms  of  that  isotope  will  de- 
polarize and  so  be  made  to  absorb  the  pumping  light.  Hence,  those  atoms 

85  85 

(Rb  ) will  react  as  in  (1)  to  form  laser  snow.  The  isotopically  (Rb  ) 
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enriched  snow  could  then  be  collected  by  electrostatic  precipitators  since 
the  snow  is  highly  charged. 


Another  reason  for  interest  in  optical  pumping  with  second  resonance 
light  follows  from  the  fact  that  the  alkali  vapors  are  much  less  optically 
thick  to  second  resonance  light  than  to  first  resonance  light  O'*  a factor 
of  100)  for  a particular  atomic  density.  Thus,  optical  pumping  with  the 
second  resonance  line  permits  one  to  study  alkali  vapors  of  much  larger  den- 
sities - a region  where  some  interesting  phenomena  have  been  observed. ^ ^ 
We  have  recently  been  successful  in  optically  pumping  Cs  using  the 
second  resonance  - excitation  (6^/2  ->  7^/2^  °f  the  atom.  This  has 

been  greatly  facilitated  by  our  success  in  maintaining  a workable  laser, 
tunable  in  the  blue  part  of  the  spectrum.  Our  laser  consists  of  a Spectra 
Physics  model  375  dye  laser  containing  Stilben  - 3 dye,  pumped  by  a Spectra 
Physics  model  171-19  Ar+  laser  operating  in  the  U.V.  Tuning  of  the  dye 
laser  is  done  by  a three  plate  birefringent  filter  (Spectra  Physics  model 
573).  This  laser  yields  a typical  output  power  of  200  mW  at  4593  X for 
2.8N  of  U.V.  and  a linewidth  of  ,v400Hz.  It  allows  us  to  tune  directly  onto 

the  second  resonance  -D^  line  of  Cs  (4593  X)  without  the  necessity  of  large 

(4) 

pressure  broadening  of  the  atomic  line  (as  done  previously). 

The  experimental  arrangement  used  in  optically  pumping  Cs  and  measuring 
the  degree  of  spin  polarization  is  shown  in  Fig.  1.  Linearly  polarized  light 

O 

at  4593  A emerging  from  the  dye  laser  is  circularly  polarized  by  a quarter 
wave  plate.  This  light  passes  into  a Corning  1720  - aluminosilicate  glass 
cell  containing  Cs  metal,  "quenching"  gas  ( 200  torr),  and  He  buffer 

gas  ("v  760  torr).  The  cell  is  heated  by  a resistance  coil,  and  its  tempera- 
ture ranges  between  80°C  and  180°C.  In  order  to  eliminate  instrumental 
scattering, the  number  of  excited  Cs  atoms  Is  measured  by  first  resonance 
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o 

fluorescence  (8943  A).  The  fluorescence  at  90  to  the  laser  beam  Is  focused 
onto  a RCA-8853  photomultiplier  equipped  with  a 8943  % interference  filter. 
The  photomultiplier  signal  is  averaged  by  a PAR  model  HR-8  lockin  amplifier. 


A set  of  Helmholtz  coils  is  present  to  supply  a longitudinal  magnetic  field 
('vlG)  along  the  light  when  optically  pumping,  or  to  create  a transverse  de- 


polarizing field.  The  degree  of  spin  polarization  is  calculated  by  measuring 

the  fluorescence  signal  when  optically  pumping,  F , and  the  fluorescence  when 

no  polarization  is  present,  F„  , i.e. 

Np 


2 <S  > 
z 


Fm  "F 

Np  P 
F 

Np 


(2) 


where  <Sz>  is  the  average  z-component  of  electron  spin.  A set  of  neutral 
density  filters  was  used  for  measuring  the  degree  of  polarization  as  a func- 


tion of  pumping  light  power. 


Earliest  optical  pumping  signals  were  observed  in  a cell  containing 
Cs  + N2(10T)  + He  (739T)  at  temperatures  between  95°C  = 160°C  (where  the 
flourescence  signal  is  easily  measurable  and  the  vapor  is  not  to  optically 


thick).  For  these  conditions,  it  was  expected  that  100%  spin  polarization 

4 -1 

would  be  achieved,  since  the  estimated  optical  pumping  rate,  R('\/  10  sec 
at  200  mW),  exceeds  the  estimated  spin  depolarization  rate  ('v  100  sec  1, 
due  to  collisions  with  He  buffer  gas  and  diffusion  from  the  team).  Further- 
more, IOT-N2  was  expected  to  quench  the  fluorescence  sufficiently  so  no 
radiation  trapping  would  hamper  the  degree  of  polarization.  (For  10T-N.,  , 
the  quenching  rate  is  n,2.5  times  the  fastest  radiative  decay  rate: 

6P^2  ■*  ^Sj/2*)  The  results  of  the  spin  polarization  measurements  for 

this  cell,  as  a function  of  dye  laser  power,  for  a number  of  temperatures 
are  shown  in  Fig.  2.  As  indicated  by  the  graphs,  the  polarization  seems  to 
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have  a saturating  effect  with  laser  power  (pumping  rate),  where  the  level 
of  polarization  reached  at  a particular  laser  power  - say  200  mW  - is  strongly 
temperature  dependent,  and  far  below  the  100X  polarization  expected.  Since 
radiation  trapping  is  a possible  mechanism  for  such  a saturation  of  the  polar- 
ization below  100X,  cells  with  higher  Nj  pressures  were  tried.  The  results 
for  cells  with  97T  and  200  T-N^  are  shown  in  Figs.  3 and  A,  respectively. 
These  graphs  indicate  that  the  results  for  97T-N2  and  200T-N,,  agree  exactly, 
while  when  compared  to  the  previous  lOT-Nj  results,  an  increase  in  polariza- 
tion for  similar  temperatures  and  laser  powers  is  obvious.  Furthermore,  the 
saturation  of  the  polarization  with  laser  power  is  less  pronounced  in  the 
higher  Nj  pressure  results,  although  still  present. 

In  an  effort  to  understand  these  results,  we  considered  two  possible 
mechanisms  for  the  bottleneck  to  100X  polarization:  radiation  trapping  and 
spin-exchange.  According  to  our  calcualtions  the  pressures  in  alt 
our  cells  efficiently  quench  the  excited  state,  so  that  the  effect  of  trapping 
should  be  negligible.  That  trapping  is  negligible  at  N,,  pressures  <_  100T 
is  shown  by  the  complete  similarity  of  the  results  of  Fig.  3 and  A.)  To 
more  fully  understand  the  effect  of  spin-exchange  on  our  optical  pumping 
experiments  we  formulated  a rate  equation  for  the  density  matrix,  and  then 
numerically  solved  for  the  steady  state  solution. 

As  a model  we  considered  repopulation  pumping  of  an  alkali  ground 
state  using  Dj  circularly  polarized  light  in  the  presence  of  electron  spin 
randomization  (due  to  buffer  gas  collisions)  and  rapid  spin-exchange.  Thus 
the  rate  equation  consists  of  three  terms,  expressions  for  which  were  found 
in  the  1 iterature.  In  steady-state  we  have  the  matrix  equation: 


jr  plWM.i,kt+ 


>Ei.1,kt+  T(Eij,k»  + 
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where  R^,  and  1 / x represent  the  pumping  rate,  electron  spin  randomization 
rate,  and  spin-exchange  rate  respectively. 

This  equation  was  then  solved  numerically  with  an  1RM/360  computer  using 
< Wwton-Rapheson  iterative  technique  to  find  the  roots  of  the  equation  to 
within  the  desired  accuraey--the  roots  being  the  elements  of  the  density 
matrix.  "he  results  were  then  used  to  calculate  the  percent  polarization  for 
various  values  of  the  parameters  R^,  y.  and  1 / r . These  parameters  are  deter- 
mined by  the  experimental  conditions.  The  electron  spin  randomization  rate 
is  fixed  for  a given  alkali  metal,  and  the  spin-exchange  rate  is  a function 
of  alkali  metal  and  temperature.  With  these  two  parameters  fixed  we  varied 
the  pumping  rate  so  as  to  cover  cases  where  R is  smaller,  comparable  to,  or 
larger  than  y and/or  1/t.  Results  of  these  calculations  are  shown  in  Fig.  5. 
Fig.  5a  shows  qualitative  agreement  with  the  experimental  data  of  Fig.  3, 
while  Fig.  5b  gives  theoretical  data  beyond  the  limits  of  our  experiment. 

The  effect  of  N,,  quenching  on  the  repopulation  pumping  of  the  ground 
state  has  also  been  considered,  and  preliminary  calculations  show  that  our 
density  matrix  approach  is  again  in  qualitative  agreement  with  experiment. 

Besides  trying  to  gain  better  understanding  of  this  spin  exchange 
"bottleneck"  during  the  next  interval,  we  also  wish  to  observe  the  effects 
of  optical  pumping  on  the  production  of  laser  snow.  This  we  hope  to  do  by 
optically  pumping  the  Cs  atoms  (to  the  best  polarization  we  can  achieve) 
in  a cell  containg  (plus  buffer  gases),  and  observing  the  effect  of  Cs 
optical  pumping  on  the  production  of  laser  snow  by  observing  the  spectral 
intensity  of  a portion  of  the  CsH  molecular  spectrum.  We  also  wish  to  test 
the  isotopical  selectivity  of  the  laser  snow  by  selectively  exciting  one 
isotope  of  Rb  to  its  second  resonance  level  in  a cell  containing  natural  Kb 
pi  vis  gas,  with  hope  of  forming  isotopicallv  enriched  snow.  This  wv>rk  will 
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soon  be  possible  upon  arrival  of  our  newly  purchased  single  mode  Coherent 
Radiation  (model  599-D3E)  dye  laser,  which  we  will  use  to  selectively  excite 
either  isotope  of  Rb  based  on  the  large  optical  isotope  shift  present  (a  few 

GHz)  . 

The  work  on  the  thermodynamics  of  laser  snow  has  been  temporarily 
postponed,  due  to  lack  of  personnel. 

*This  research  was  also  supported  by  the  Air  Force  Office  of  Scientific 
Research  under  Grant  AFOSR-74-2685  and  by  the  National  Science  Foundation 
under  Grant  NSF-ENG76-16424 . 

(1)  CRL  Progress  Report,  June  30,  1976,  p.27 

(2)  CRL  Progress  Report,  March  31,  1977,  p.26. 

(3)  CRL  Progress  Report,  March  31,  1978,  p.315. 
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SPECTROSCOPY  OF  THE  5D  STATE  OF  Cs 


(A.  Sharma,  W.  Happer) 

We  have  undertaken  to  observe  the  hyperfine  structure  of  the  5D  state 
133 

of  Cs  and  determine  the  quadrupole  moment  Q of  its  nucleus.  The  best 

currently  known  value^  of  the  quadrupole  moment,  to  our  knowledge,  is 

-.0036  (13)  barns.  The  accuracy  of  this  result  is  indeed  very  poor  as  the 

corresponding  value  for  most  of  the  other  alkali  atoms  is  known  to  a relatively 

133 

much  higher  precision  . The  quadrupole  moment  of  Cs  is  unusually  small 

compared  to  that  for  other  atoms  and  as  such,  the  contribution  that  this  makes 

to  the  hyperfine  splitting  is  not  much  different  from  the  natural  line  width 

of  most  of  the  states.  Almost  all  of  the  measurements  to  determine  the  qua- 

133 

drupole  moment  of  Cs  have  been  done  on  one  of  its  P states.  The  life 

-*8  -7 

time  for  the  6P  and  7?  states  is  respectively  3x10  sec.  and  10  sec.  The 

idea  in  working  with  the  5D  state  is  that  its  life  time  is  10  sec.  and 

therefore  the  natural  linewidth  much  smaller.  We  thus  hope  to  determine 
133 

Q of  Cs  to  a much  higher  accuracy. 

The  5D  state  has  its  own  special  problems.  We  intend  to  populate  it 

133 

by  using  an  argon  ion  laser  to  excite  Cs  to  its  7P  state  and  letting  it 
cascade  down  to  the  5D  state.  We  will  apply  radiofrequency  to  the  5D  state 
and  observe  resonances  in  the  perturbed  fluorescence  as  the  atoms  decay  to 
the  6P  states.  The  three  wavelengths  corresponding  to  this  transition  are 
3.01  pm;  3.48  pm;  3.61  pm;  all  of  which  lie  in  that  range  of  the  infrared 
spectrum  where  the  solid  state  detectors  have  a relatively  bad  signal  to  noise 
ratio.  We  intend  trying  a lead  sulphide  detector  cooled  to  liquid  nitrogen 
temperature.  Also  the  gas  cells  must  have  a sapphire  window  as  ordinarily 
glass  and  quartz  arc  opaque  in  this  region  due  to  the  presence  of  water 


vapor  absorption  band  around  the  wavelengths  of  interest.  For  the  same 
reason,  wo  are  using  lenses  made  of  zinc  sulphide  which  has  a 70 1 transparency 
to  these  wavelengths.  Also  one  must  be  careful  to  avoid  absorption  of  the 
signal  by  atmospheric  water  vapor.  A schematic  diagram  of  the  experimental 
set  up  is  given  in  Fig.  1. 

* 

This  research  was  also  supported  by  the  Army  Research  Office  (Durham)  under 
drant  DAAC29-77-0-0015. 

(1)  II.  Bucka,  II.  Kopfermann,  and  E.  W.  Otten,  Ann.  Physik  A,  39  (1919). 
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II.  RELAXATION  AND  ENERGY  TRANSFER  IN  SMALL  POLYATOMIC  MOLECULES 

A.  RELAXATION,  INFRARED  MULTIPHOTON  PHOTODISSOCTATION,  AND  VIBRATIONAL 

TEMPERATURES  IN  LASER  PUMPED  C0F9* 

(K.  Casleton,  Y.  V.  C.  Ran,  R.  Sheorey,  M.  I.  Lester,  G.  W.  Flynn) 

COF  is  a uniquely  rich  source  of  data  for  intermode  energy  transfer 
studies,  multiplioton  dissociation  experiments,  and  vibration-electronic  energy 
transfer  processes. ^ The  combination  of  convenient  laser  pumping,  strong 

1R  emission,  and  a relatively  dilute  energy  level  spectrum  all  contribute  to 
the  desireability  of  COF,,  as  a model  system  for  studying  many  of  these  funda- 
mental processes.  A summary  of  our  progress  in  studying  this  molecule  is  as 
f ol lows: 

a)  Energy  Transfer 


The  energy 

transfer 

events 

COF2(v2) 

+ 

M 

x 

C0F2(V  + M + 199  cm" 

-1 

(1) 

COF2(v6) 

+ 

M 

v - 

COF2(v3,v5)  + M + 167 

-1 

cm 

(2) 

COF2(v2) 

+ 

M 

^ 

-A 

COF2(v3,v5)  + M + 366 

-1 

cm 

(3) 

require  on  the  average  500,  175,  and  _>  1500  C0F2/C0F2  collisions,  respectively. 
Event  (1)  is  one  of  the  slowest  intermode  energy  transfer  events  known  for  a 
polyatomic  and  is  particularly  remarkable  when  compared  to  (2)  which  is  notice- 
ably more  efficient.  Overall  V-T/R  relaxation 

COF2(v3)  + M » COF2(0)  + M + 583  cm"1  (A) 

requires  2300  collisions  on  the  average  for  M - C0F2. 
b)  Multiphoton  Dissociation 

We  have  observed  infrared  multiphoton  photodissociation  of  COF  via 

C0F2  + nhv > COF  + F 


■ 


a 


1 
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The  F atoms  were  detected  by  adding  H2  or  CH^  to  the  system  and  observing 
infrared  chemiluminescence^^  ^ from  HF* 


F + RH  

->  R + HF 

(v 

> 0) 

(5) 

HF (v  >1)  

— ) HF (v  - 

1) 

+ hv(  A 'v-  2 . 5p) 

(6) 

We  find  that  F atoms  are  produced  and  appear  to  have  a thermal  (ambient) 
velocity  distribution.  Under  the  proper  conditions  the  process  is  purely 
optical  since  no  ions  have  been  detected. 

c)  Vibrational  Temperature  Measurements 

We  have  used  the  cold  gas  filter  method^^to  make  a preliminary  measure- 
ment of  the  OO  stretch  (v^)  peak  vibrational  temperature  under  strong  laser 
excitation  conditions.  Though  these  studies  require  further  experimental 
data,  the  peak  temperatures  in  the  COF2  mode  appear  to  exceed  1500  °K  before 
loss  of  energy  from  via  step  (1)  occurs.  (The  and  v2  modes  are  brougnt 
into  rapid  equilibrium  (30  collisions)  via 

2COF2(v2)  ^ C0F2(v1)  + COF2(0)  (7) 

after  laser  pumping  of  v2>) 

If  can  be  made  very  hot,  vibrational  energy  transfer  from  high  lying 
levels  of  this  mode  (e.g.  (7-10)  v^)  to  electronic  states  of  other  atoms  or 
molecules  should  be  possible  via  a collisional  vibration/electronic  energy 
exchange  process. 

*This  research  was  also  supported  by  the  National  Science  Foundation  under 
Grant  NSF-CHE-77-24343.  The  laser  chemistry  work  is  being  transferred  to  DOF 
contract  ER-78-S-02-4940. 
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B.  ENERGY  TRANSFER  IN  SC>2/1802  MIXTURES* 

(M.  I.  Lester,  G.  W.  Flynn) 

The  Infrared  laser-induced  fluorescence  technique  has  been  successfully 
used  to  monitor  state-to-state  energy  transfer  processes  in  simple  polyatomic 
molecules.  The  rates  of  these  vibrational  to  vibrational  (V-V)  and  vibration- 
al to  translational/rotational  (V-T/R)  processes  yield  information  on  the 

mechanisms  for  efficient  vibrational  energy  exchange,  storage  and  relaxation. 

18 

In  this  work,  the  rates  of  vibrational  energy  transfer  from  S02  to  02  and 
^802  have  been  studied.  A comparison  of  the  rate  for  crossover  to  each  of  the 
oxygen  isotopes  is  important  in  probing  the  methods  of  vibrational  energy 
equilibration  since  only  the  energy  gap  bet  -een  reacting  species  has  been 
changed . 

The  symmetric  stretching  mode  (v^)  of  S02  was  excited  by  a standard 

Q-switched  C02  laser  which  has  previously  been  described  in  detail. ^ Laser- 

induced  fluorecence  emanating  from  the  asymmetric  stretch  (v^)  of  S02  at 

18  16 

\ - 7.4  u has  been  studied  in  the  presence  of  large  amounts  of  02  and  02> 

18 

The  overall  characteristics  of  S02  fluorescence  in  S(>2/  ' 02  mixtures  was 

different  from  that  seen  to  date  for  pure  S02/“^^  S0o/rare  gas  mixtures, 

and  S02/^802  mixtures.  In  the  SO,,  systems  previously  investigated,  the 

fluorescence  consisted  of  a single  exponential  rise  and  fall.  In  the  case 
18 

of  SOj/  02  mixtures,  a single  exponential  rise  followed  by  a double  ex- 
ponential decay  was  observed. 


of  Vj  from  the  pump  mode  by  rapid  collisional  energy  transfer.  The  appearance 

of  a fast  component  to  the  decay  may  be  attributed  to  an  energy  sharing 

18  18 
process  with  0^.  The  decay  then  slows  as  the  coupled  0o  vibrational 


manifolds  relax  to  ambient  conditions.  No  similar  evidence  for  a V-V  energy 

crossover  from  SO^  to  ^0^  has  been  observed  by  the  fluorescence  technique. 

18 

The  rate  of  the  fast  decay  process  has  been  measured  at  fixed  SO^/  0o 

mole  fraction  ratios  as  a function  of  total  pressure.  A plot  of  this  rate 

18 

versus  pressure  data  for  a SO J 0.  partial  pressure  ratio  (p  / p.  ) of 

1 1 SO.  ^8. 

-1  -1  * °2 

1/5.74  has  a slope  of  3.2  + 0.2  msec  torr  . The  corresponding  slope  for 
P /Piq  * 1/2.50  was  found  to  be  4.3  + 0.3  msec  ^torr  The  error 

so2  l^o2 

estimates  are  2a  values  from  the  least-square  fits. 

The  microscopic  rate  coefficients  for  energy  crossover  from  SO.,  to 

18 

0.,  can  be  determined  from  the  observed  rate  coefficients  of  the  fluore- 
scence. This  deconvolution  process  must  be  based  on  an  appropriate  kinetic 

18 

model  for  the  coupled  SO 0^  system.  The  dominant  energy  transfer  mechanism 

(2) 

for  pure  S02  gas  has  been  determined  to  be 


S02(v1)  + M 
S02(Vl)  + M 


S02(V3)  * M ~ 210  cm  (fast) 
SO^(2v2)  + M + 120  cm  ^ (slow) 


The  stretching  modes  v^  and  equilibrate  quickly  compared  to  the  relaxa- 

tion rate  of  these  modes  through  the  bending  mode  (v2>.  Thus,  for  a relatively 

long  time  a metastable  steady  state  is  established  in  the  and  modes. 

18 

With  the  addition  of  02>  the  vibrationally  hot  S 0^  stretching  modes 
18 

can  energy  transfer  to  02  via  the  translationally  endothermic  process 


18  r 

S02(v3)  + 02(0) 

kb 


S0<°>  + 180^  - 107  cm"1 


Based  on  the  assumption  that  the  equilibration  of  the  stretching  manifold  is 

18 

much  faster  than  the  rate  of  S02/  02  crossover,  the  observed  fast  decay 

1 8 

rate,  y , for  S0.(v  ) fluorescence  at  a specific  mole  fraction  of  0 (X(  ^ 

OnS  Z j Z 


would  be 


(4) (5) 


2 


where  is  the  fraction  of  vibrationally  excited  SOj  population  in  the 
asymmetric  stretch.  Detailed  balancing  of  equation  (3)  yields  a relationship 


of  k,  ■ 1.673  k at  room  temperature  . The  rate  of  the  fast  exponential  decay 
b 1 


at  the  mole  fraction  mixtures  studied  predict  to  excellent  agreement  an  experi- 


mental value  of  k^  ■ 6.5  + 0.6  msec  ^torr  ^ for  the  molecular  rate  constant. 


This  is  equivalent  to  gas  kinetic  rate  of  approximately  1300  collisions. 


The  corresponding  value  is  10.9  + 1.0  msec  *torr  * or  800  gas  kinetic 


coll isioas. 


Thermal  lensing  measurements, ^ ^ which  are  a sensitive  probe  of  the 


translational  temperature  of  a gas  following  laser  excitation,  have  been 


18, 


made  on  specific  mole  fraction  mixture  of  SO2  with  0^  and  Ar.  Some  addi- 


,18. 


tional  cooling  has  been  observed  in  the  case  of  SO^/  0j  sample.  The  extra 


translational  cooling  indicates  that  the  crossover  to  oxygen  occurs  by  the 
proposed  endoergic  path  (3). 

In  addition  to  the  laser- induced  infrared  fluorescence  technique 
described  here,  V-V  and  V-T/R  energy  transfer  rates  for  small  polyatomics 


have  also  been  measured  by  ultrasound  dispersion  methods.  A sound  absorption 


,16 


study  in  SOj/  0 ^ mixtures  indicates  a V-V  coupling  between  the  asymmetric 


stretch,  v^,  of  SO^  and  the  fundamental  mode  in  The  rate  of  energy 


transfer  reported,  M^Pq^(3,4,  *s  ^.26  msec  1 torr  * or  approximately 


33,000  gas  kinetic  collisions.  This  rate  is  30  times  slower  than  the  rate 


18, 


reported  here  for  energy  transfer  from  to  the  0^  isotope.  This 


rate  is  much  slower  than  the  overall  relaxation  rate  of  S02(v^)  as  measured 


j 


j 
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by  fluorescence  in  SO^/^O,  systems.  ^ 

Theoretical  calculations  are  now  In  progress  to  calculate  the  probability 

18  16 

of  energy  transfer  for  the  S09(v  )/  0-  and  S0_(v  )/  0„  systems.  Order  of 

*-  J J Z j z 

magnitude  probabilities  have  been  predicted  by  a simple  SSH-breathing  sphere 
. i . . i — (9)-(ll)  , .. „ . — . r__  . v. . 


.1 1 cu  1 a t ion . 


The  range  parameter  for  the  short-range  potential  a. 


-S  -1 

was  assigned  a value  of  5.0  x 10  cm  as  in  the  case  of  other  SO^  calcula- 
(12) 

t ions.  ^ Values  of  the  breathing  sphere  parameters,  as  defined  in 

Stretton^^  are  0.015,  0.111,  and  0.125  amu  * for  the  S09(v ^) , 09(1) , and 

^09(1)  fundamentals,  respectively.  The  SSH  model  predicts  a rate  of  1700 

1 8 

gas  kinetic  collisions  for  energy  crossover  to  09  and  a corresponding  rate 

of  9400  collisions  to  ^09.  The  agreement  between  theory  and  experiment 

18 

is  extremely  good  for  energy  transfer  to  09.  However,  a large  discrepency 
exists  between  SSH  theory  and  the  ultrasound  results  for 

Future  work  includes  application  of  the  vibrational  energy  transfer 
theory  of  Slwrma  and  Brai/1*^1*4^  to  S02/09  systems.  The  theory  is  based 
on  the  role  of  long-range  forces  in  causing  vibrational-rotational  energy 
transfer.  In  this  case  the  long  range  interaction  is  caused  by  the  in- 
stantaneous dipole  moment  of  S0^  with  the  quadrupole  moment  of  oxygen. 

The  Sharma-Brau  theory  is  expected  bo  give  a more  accurate  theoretical  predic- 
tion of  the  probability  of  energy-transfer  from  SO^  to  09  than  possible 
by  SSH- theory. 

* I'his  research  was  also  supported  by  the  National  Science  Foundation  under  Grant 
NS F -CHE- 7 7-24 34 3. 
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ENERGY  TRANSFER  MAP  FOR  OCS  * 


(M.  Mandich,  G.  Flynn) 

Vibrational  energy  transfer  maps  in  simple  molecules  contribute  to  the 
understanding  of  molecular  Interactions,  guide  explorations  into  laser  en- 
hanced chemical  reactivity,  and  can  lead  to  improved  operation  of  gas  lasers. 

i 

A partial  mapping  for  OCS,  well  known  as  both  an  infrared  and  chemical 

(1  2) 

laser,  ’ has  been  attempted  by  several  laboratories  with  considerable 
disagreement  on  results. ^ ^ The  results  reported  here  resolve  some 
of  these  differences  and  add  much  new  information  towards  a complete  energy 
transfer  mapping  of  OCS. 

The  technique  of  laser  induced  fluorescence  is  used  to  probe  the  re- 
distribution of  an  initial  excitation  of  the  OCS  (020)  level  pumped  by  a 
Q switched  CO2  laser  operating  at  P(22)  of  the  9.6p  band  (power  - .75  - 
1.0  mJ/pulse).  The  time  dependent  population  deviations  are  thus  measured 

for  the  (100),  (010),  (001)  and  (120)  levels.  The  experimental  apparatus 

(8) 

has  been  described  previously; v ' however,  several  recent  acquisitions  (in- 
cluding a Biomation  8100  transient  recorder  interfaced  to  a Tracor  Northern 
NS-575A-2  digital  signal  averager  and  a highly  sensitive  HgCdTe  (77K)  detec- 
tor) have  been  invaluable  in  detecting  the  weak  OCS  fluorescence  and  resolv- 
ing multiple  exponentials  in  the  data. 

The  measured  (100)  fluorescence  is  composed  of  a single  exponential 
rise  and  fall.  These  rates,  including  rare  gas  cross  sections  are  tabulated 
in  Table  I.  The  weak  (010)  fluorescence  has  been  observed  and  consists  of 
a single  very  rapid  rise  followed  by  a multiple  exponential  decay.  Strong 
(001)  fluorescence,  which  may  consist  of  'hot-band'  fluorescence  (e.g. 

(011)  (010)),  has  been  recorded  anew  shoving  that  the  risetime  is  single 

exponential  (when  precautions  are  taken  to  filter  out  (004)  and  (120)  fluor- 
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escences)  but  that  the  fall  time  is  clearly  multiple  exponential.  Finally, 
(120)  fluorescence  was  also  observed  and  shows  a rapid  rise  followed  by  a 
rapid  fall  characteristic  of  a hot-band  pumped  level. 

In  theory,  the  entire  vibrational  energy  transfer  map  of  a molecule 
can  be  deduced  from  the  rates  of  energy  flow  in  and  out  of  a single  vibra- 
tional mode.  Usually,  a few  processes  predominate  in  a fluorescence  signal 
and  can  be  unambiguously  assigned  to  the  appropriate  energy  transfer  steps. 

In  the  case  of  OCS,  fluorescence  data  has  been  gathered  from  the  strongly 
emitting  (001)  state,  which  contains,  however,  less  than  one  percent  of  the 
total  excited  state  population.  Positioned  rather  high  up  in  the  vibrational 
state  manifold,  the  (001)  state  population  has  many  routes  of  escape  adding 
additional  decay  rates  to  the  few  predominating  rates.  Most  probably,  this  has 
been  the  source  of  ambiguity  in  measuring  the  vibrational-translational  energy 
transfer  rate  from  (001)  data.  A quick  calculation  shows  that  99%  of  the  upper 
state  population  resides  in  the  three  level  system  composed  of  (100),  (010) 
and  (020).  The  population  deviations  in  higher  levels,  notably  (001),  have 
negligible  amplitudes  in  the  kinetic  behavior  of  this  system  which  can  be 
written: 


OCS(0)  p(22)9.‘-6il)  OCS (020) 

(1) 

OCS(020)  + OCS(O)  20CS (010) 

k12 

(2) 

ka 

OCS (020)  + OCS  f OCS  (100)  + OCS  + 
-a 

188  cm  ^ 

(3) 

ka 

OCS (010)  + OCS  (='  - ^ OCS (100)  + OCS  - 
k-a 

239  cm-1 

(A) 

OCS  (010)  + OCS  v OCS  (000)  + OCS  + 

320  cm  ^ 

(5) 

_VT 
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From  these  equations  with  six  rate  constants,  three  eigenvalues  are  ex- 


pected. Three  rates  have  in  fact  been  measured:  the  up-the-ladder  rate  (kj.,) 
(this  is  the  rise  of  (010))  which  is  nearly  gas  kinetic,  the  V-V  crossover 
from  the  manifold  to  (100)  (this  is  the  rise  of  (100))  which  is  7.3  msec  1 
torr  ^ and  the  V-T  decay  of  the  overall  excited  state  population  (this  is  the 
fall  of  (100))  which  is  1.4  msec  1 torr  The  V-V  crossover  step  is  probably 

via  (020)  -*■  (100)  as  evidenced  by  the  rare  gas  cross  section  data  and  the 

(9) 

lack  of  an  observed  cooling  in  a thermal  lensing  study. 

With  this  three  level  kinetic  scheme  established,  the  rate  information 
from  other  fluorescence  data  becomes  useful.  The  fast,  single  exponential 
rise  (55  msec  ^ torr  k)  of  the  (001)  level  can  be  assigned  to  a kinetic  step: 

kh  1 

OCS(040)  + OCS  v"  =:  > OCS(OOl)  + OCS  + 39  cm  (6) 

-b 

The  hot-band  fluorescence  behavior  of  the  (120)  level  supports  this  claim  and 
directly  refutes  previous  claims  for  a 

OCS (120)  + OCS  OCS(OOl)  + OCS  - 170  cm_1  (7) 

type  mechanism. ^ The  multiple  exponential  fall  of  the  (001)  fluorescence 
includes  a fast  decay  followed  by  a slower  decay.  The  rate  of  the  fast  decay 
compares,  within  experimental  error,  favorably  to  the  rate  of  rise  of  (100). 
This  rate  is  expected  in  the  decay  of  (001)  from  Eq.  (6)  since  a filling  of 
(100)  would  bleed  population  from  the  entire  V2  manifold  which  alone  feeds 
(001).  The  slower  portion  of  the  fluorescence  decay  is  not  merely  one  rate 
as  reflected  by  conflicting  results;  it  undoubtedly  represents  a convolution 
of  many  slow  rate  processes  which  affect  the  decay  of  (001)  population. 


f>3 


Clearly,  the  additional  new  fluorescence  data  brings  the  vibrational 
energy  transfer  map  of  OCS  within  close  reach.  A power  dependent  study  of  the 
V-T  decay  rate  of  (100)  will  discriminate  finally  between  mechanism  (3)  and 
mechanism  (4);  this  experiment  will  be  performed  soon  with  our  recently  acquired 
00.,  TEA  laser. 

| 

*This  work  was  also  supported  by  the  National  Science  Foundation  under  Grant 
| N’SF-CHE-7  7-24343. 
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D.  INFRARED  LASER  INDUCED  FLUORESCENCE  IN  CH^OF* 

(J.  Ahl , G.  W.  Flynn) 

Though  the  vibrational  relaxation  of  simple  polyatomic  molecules  has 
been  extensively  studied,  there  appears  to  be  a lack  of  information  on  the 
relaxation  processes  of  molecules  with  a number  of  very  low  lying  vibrational 
states,  and  in  particular,  of  molecules  with  a torsional  degree  of  freedom 
We  have  studied  one  such  case,  the  molecule  acetyl  fluoride,  CH^COF. 

The  CH^  rocking  mode  of  acetyl  fluoride  was  pumped  with  a Q-switched 
CO^  laser  and  the  laser-induced  fluorescence  observed.  Several  modes  are 
easily  observable:  the  C-H  stretch  at  3.3  p,  the  C“0  stretch  at  5,4p  and  the 
C-C  stretch  at  8.44  p.  In  all  cases,  the  fluorescence  was  observed  to  be 
quite  similar  with  a very  fast  rise  followed  by  a double  exponential  decay. 

The  fast  decay  exhibits  a bimolecular  rate  constant  of  > 10^  sec  * torr  \ 
while  the  slow  decay  is  attributed  to  the  decay  of  black  body  radiation  due 
to  the  diffusion  of  translationally  hot  gas  out  of  the  detector  viewing  volume. 

Since  we  are  not  looking  at  fluorescence  from  the  pumped  mode,  the 
very  fast  rise  time  of  observed  fluorescence  indicates  a rapid  V-V  equilibra- 
tion is  occuring  (possibly  collisionless),  which  distributes  energy  throughout 
the  molecule.  It  is  quite  surprising  that  the  initial  CH } rocking  energy  is 
propagated  to  the  00  and  C-F  bonds  at  nearly  the  same  rate  as  the  C-H  stretch 
is  pumped. 

Simultaneously  with  the  V-V  equilibration,  very  fast  V-T  processes  quench 
the  vibrational  excitation  at  a near  gas  kinetic  rate.  A possible  explanation 
for  this  extremely  fast  rate  is  the  presence  of  a number  of  very  low  lying 
modes.  These  modes  provide  a near  resonant  path  for  the  initial  excitation  to 
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be  converted  into  translation,  with  the  maximum  energy  defect  occuring  for  the 
quenching  of  the  C-C  torsion  at  208  cm  ^ . Such  rapid  V-T  rates  for  low 
lying  states  are  not  particularly  surprising. 

While  it  is  possible  that  the  case  of  acetyl  fluoride  is  atypical,  it 
appears  that  the  relaxation  of  molecules  with  a dense  vibrational  manifold 
having  states  within  kT  of  the  ground  state  will  be  extremely  fast,  with  the 
vibrational  energy  distributed  among  the  available  states  on  the  same  time 
scale  as  the  V-T  relaxation. 


III.  GENERATION  AND  CONTROL  OF  RADIATION 


A.  RELAXATION  AND  EXCITATION  TRANSFER  OF  OPTICALLY  EXCITED  STATES 
IN  SOLIDS* 

(Y.  C.  Chon,  K.  Chiang,  S.  R.  Hartmann) 

There  is  a great  deal  of  interest  in  the  studying  of  relaxation  and 

3+  3+ 

spectroscopic  properties  of  optical  transitions  of  LaF^tPr  . Pr  ion 
in  LaF^,  owing  to  its  lack  of  an  electronic,  moment,  is  essentially  isolated 
and  behaves  in  a relatively  simple  manner  which  allows  convenient  analysis. 

In  the  past  few  years  a considerable  amount  of  work  has  been  performed  in 
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this  material.  Both  the  H.  - P transition  (4777  A)  and  H.  - D_  transi- 
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tion  (5925  A)  are  accessible  to  dye  lasers  and  have  been  investigated  by  a 

wide  variety  of  techniques,  including  the  fluorecence  line  narrowing! 

optical  free  decayf^  photon  echoes,^^  and  optical  rf  double  resonance.  ^ 

Last  year  we  reported  the  observation  of  echo  modulation  effect  in 
3 3 

the  - Pq  transition,  which  was  in  sharp  disagreement  with  simple  ex- 
ponential decay  behavior  reported  by  Yamagishi  and  Szabo!^  The  disagreement 
hinged  on  one  data  point  out  of  13,  the  one  corresponding  to  a pulse  separa- 
tion of  240  ns.  The  full  recovery  of  echo  intensity  we  observed  implied 
a much  slower  echo  relaxation  rate  than  that  which  they  reported.  The  problem 
was  that  the  optical  delay  line  used  by  both  groups  did  not  allow  convenient 
and  arbitrary  variation  of  the  excitation  pulse  separation.  In  order  to 
make  detailed  studies  of  the  echo  behavior  and  to  increase  the  resolution  of 
the  oolm  technique,  we  decided  to  improve  our  exper imental  technique.  We 
developed  a double  N.,  laser  pumped  dye  laser  system  which  could  he  electro- 
nically triggered  to  produce  any  pulse  separation  we  wanted. 

The  pulse  separation  was  monitored  by  an  Ortech  Model  457  time 
to  pulse  height  converter,  and  was  determined  to  an  accuracy  of  0.17. 

a 


In  Fig.  1 (a)  and  Fig.  2 (a)  we  present  the  results  obtained  with 
this  improved  apparatus.  The  sharp  peak  at  236  ns  confirms  our  previous 


result.  The  extended  range  and  increased  resolution  of  our  new  apparatus 

shows  the  echo  behavior  to  be  quite  complex.  An  understandable  feature  is 

the  regular  rephasings  which  occur  every  118  ns  and  which  correspond  to 

the  nuclear  splittings  of  8.47  MHz  and  16.7  MHz  associated  with  the  ground 
3 (6) 

level  of  the  H,  state.  The  high  frequency  modulations  damp  out  with  a 
4 

time  constant  of  ^>2  psec.  These  are  followed  by  low  frequency  modulations 

3 

which  correspond  to  the  smaller  splittings  of  the  excited  P state.  A 

o 

Fourier  transform  of  the  low  frequency  modulations  yields  level  splittings 

of  0.73  MHz  and  1.12  MHz.  Another  feature  of  the  data  is  the  relatively 

slow  (^(1.2  psec)  ')  rate  at  which  it  decays.  This  corresponds  to  a line- 

width  of  70  kHz  and  is  a factor  three  narrower  than  the  nmr  linewidth  of 

200  kHz  reported  by  Erickson  for  the  double  resonance  transitions  in  the 
3 

H^,  ground  state.  This  implies  that  the  nuclear  linewidths  are  inhomogeneous. 

The  effect  of  this  inhomogeneity  is  to  damp  out  the  high  frequency  modulation 

with  time  constant  of  800  ns  and  twice  800  ns  depending  on  which  particular 
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terms  are  singled  out. ' Our  data  indicates  that  the  low  frequency 

modulations  have  much  smaller  (20  kHz)  damping  rates.  The  20  kHz  linewidth 

3 

associated  with  the  P nuclear  splittings  is  understandable  based  on  a 

o 
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second  moment  calculation  for  the  Pr-F  interaction'  and  the  experimentally 

(9) 

determined  inhomogeneous  broadening  of  the  electric  quadrupole  interaction. 

The  much  larger  (200  kHz)  inhomogeneous  broadening  associated  with  the  nuclear 

3 

splittings  of  the  H^  state  is  interpreted  as  being  due  to  the  enhanced  nuclear 


magnetism  of  the  Pr  nucleus  in  that  state. 
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The  effective  hamiltonians  of  LaF^:Pr  can  be  written  as 
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Figure  1(a):  Experimental  photon  echo  intensity  a"  a function  of 
pulse  separation,  taken  in  a 0.03  atomic%  of  LaF.rPr 


Figure  1(b):  Theoretical  plioton  echo  intensity  as  a function  of 

pulse  separation,  taken  in  a 0.03  atomic/?  of  LaF_:Pr 


PULSE  SEPARATION  (MICROSECONDS) 

Figure  2:  Experimental  (a),  and  theoretical  (b)  photon  echo  intensity  as 
function  of  pulse  separation  in  the  region  from  200  ns  to  3.0 


H„  = P (I2  + „(I2  - I2))  for  the  V state 

G g z G x y 4 

HE  ° PF.(Iz' + E(Ix’  " I * * * * *y’))  f°r  the  \ State 

where  P„  = + 4.185  MHz,  = 0.035  , P - + 0.29  MHz . nt  “0.168  . 

The  interaction  parameters  are  determined  based  on  the  Fourier  transform  of 

the  echo  modulation  data.  The  (x,y,z)  and  (x\  y',z’)  systems  are  principal 

axes  of  the  electric  quadrupole  interaction  of  the  Pr  nucleus.  For  the 
3 

state,  the  hamiltonian  represents  the  combination  of  the  electric  qua- 
drupole interaction  and  the  second  order  hyperfine  interaction/10^  The 
relative  orientation  of  the  (x,y,z)  and  the  (x',y',z')  axes  lias  strong  in- 
fluence on  the  theoretical  echo  modulation  pattern  and  therefore  provides 

3+ 

a means  of  determining  it.  The  site  symmetry  of  Pr  requires  one  of  prin- 

cipal axes  to  be  parallel  to  the  two  fold  axis,  Cj.  We  find  that  the  best 
agreement  with  the  experimental  results  is  obtained  if  x(or  y)  ||  x'|j  C.,, 
and  30°<cos  1(]z’z,|)<  35°.  The  corresponding  theoretical  calculations  are 
shown  in  Fig.  1(b)  and  Fig.  2(b).  The  agreement  between  the  theory  and  the 

experiment  is  excellent. 

An  additional  interesting  discovery  we  would  like  to  mention  is  the 

3 

variation  of  echo  relaxation  rate  at  different  positions  within  the  H/(  - 

3 

Pq  absorption  profile.  In  Fig.  3 we  present  the  results  of  the  measurement 

of  the  homogeneous  linewidth  made  in  a 5.0  atomic  % sample  using  wide  hand 

(10GHz)  pulse  dye  lasers.  The  linewidth  varies  from  about  500  kHz  near  the 

line  center  to  loss  than  60  kHz  nt  a detuning  of  200  GHz.  Similar  oiled  has 

also  been  observed  in  a 1.0  atomic  7.  sample.  It  seems  to  indicate  a eorrelat  ion 

between  the  echo  relaxation  rate  and  the  inliomogenoity  of  the  crystal  field 

which  broadens  the  optical  transition.  However  this  site  dependen*  relaxation 


7 2 


would  not  be  able  to  explain  the  simple  exponential  decay  behavior  (see 
Fig.  2)  of  the  echo  envelope  we  have  observed.  This  is  because  the  overall 
decay  pattern  of  photon  echoes  contributed  by  atoms  having  different  relaxa- 
tion rates  can  not  be  simple  exponential.  Another  possibility  is  that  echo 
relaxation  rate  depends  only  on  the  number  of  ions  being  excited.  If  so, 
the  relaxation  rate  should  also  depend  on  the  linewidth  and  the  power  of  the 
excitation  pulses.  More  experimental  work  is  necessary  to  unravel  this  effect. 

Another  remarkable  effect  we  have  found  is  the  observation  of  a very 
long-lived  three-pulse  stimulated  photon  echo.  We  find  that  three  excitation 
pulses  at  t * 0,  t = 100  nsec  and  t ■ 100  nsec  + T produce  an  echo  at  t = 

200  nsec  + T for  values  of  T as  long  as  3 minutes.  These  latter  echoes  have 
a signal- to-noise  ratio  better  than  2:1  and  appear  after  10^*  times  the  excited 
state's  47  psec  lifetime.  Stimulated  photon  echoes  can  be  produced  with 
phase  information  stored  solely  in  the  population  distribution  of  the  ground 
state  levels.  Our  experiment  demonstrates  this  dramatically.  Our  stimulated 
echoes  most  likely  relax  via  nuclear  spin  lattice  relaxation  induced  by  para- 
magnetic impurities,  an  effect  which  ;4t>uld  be  temperature  and  concentration 
dependent.  No  measurements  of  concentration  dependence  have  been  made  yet. 

*This  research  was  also  supported  by  the  National  Science  Foundation  under  Grant 
NSF-DMR7 7-05995. 
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SPONTANEOUS  AND  INDUCED  COHERENT  RADIATION  GENERATION  AND  CONTROL 
IN  ATOMIC  VAPORS* 


B. 

(T.  Mossberg,  R.  Kachru,  K.  Leung,  E.  Whittaker,  S.  R.  Hartmann) 

Our  research  is  oriented  toward  the  attainment  of  two  complementary 

objectives:  I)  to  advance  the  basic  understanding  of  the  generation  of  coherent 

radiation  in  atomic  vapors,  and  2)  to  utilize  coherently  generated  radiation 

to  study  atomic  processes  occurring  within  such  vapors.  With  respect  to  the 

first  objective,  we  have  discovered  a number  of  important  properties  of  the 

three-excitation  pulse  stimulated  photon  echo.^^  Among  other  things  we  have 

found  that  in  contrast  to  all  other  known  echo  effects  the  stimulated  echo 

can  be  generated  via  the  information  stored  in  a single  atomic  state.  This 

has  a number  of  important  consequences  which  will  be  discussed  below.  We  have 

also  continued  our  work  on  the  two-photon  (Raman)  echo.  ' We  have  observed 

2 2 

the  two-photon  echo  on  the  6 ~ ^ P3/2  transition  °f  atomic  TU  vapor.  We 

have  found  that  the  polarizations  of  the  excitation  pulses  can  be  arranged  in 
such  a fashion  that  it  is  not  necessary  to  use  optical  shutters  to  observe  the 
echo.  With  regards  to  the  second  objective  we  have  employed  the  tri-level  echo 
effect^^  to  make  extensive  measurements^^  of  the  foreign-gas-induced  relaxa- 
tion of  the  3S-nS  and  3S-nD  superposition  states  in  atomic  sodium  vapor.  We 
have  been  able  to  extend  our  measurements  to  superpositions  involving  upper 
states  (nS  or  nD  where  4 < n <_  34)  which  are  well  into  the  Rydberg  regime. 

Our  work  represents  the  first  comprehensive  study  of  foreign-gas-induced 
relaxation  of  coherent  superpositions  involving  levels  coupled  only  by  two- 
photon  transitions. 

The  excitation  pulses  whirl:  produce  the  stimulated  photon  echo  are 
sltown  in  Eig.  la.  We  assume  that  pulses  1 and  2 are  both  parallel  to  /.  and 

I 

are  resonant  with  the  | G>  - |l>  transition,  where  | 0)  is  a thermally  populated 
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ground  state  and  |l^  is  an  initially  unpopulated  excited  state.  If  both 

pulses  have  an  area  of  ir/2,  it  can  be  shown  that  after  pulse  2 both  states  are 

populated  and  that  the  distribution  of  the  z-component  of  velocity  (z-velocity, 

v ) of  the  atoms  in  each  state  is  modulated  with  v according  to 
z z 

n'(vz)  = Coexp(-mv^/2k^T)f (k1vzt21/2)  (1) 

2 2 

where  C is  a constant,  t..  =t.-t,,  f s sin  for  state  I OV,  f = cos  for 

o ij  i j / 

state  j 1},  m is  the  mass  of  the  "echo"  atom,  is  the  Boltzmann  constant, 

T is  the  absolute  temperature,  and  k^  is  the  wavevector  of  pulses  1 and  2. 

The  exponential  envelope  represents  the  thermal  distribution  of  v^  initially 
found  in  |0X  The  third  pulse  acts  on  the  z-velocity  modulation  in  either 
state  separately  to  produce  the  stimulated  echo.  If,  as  we  have  described 
above, both  states  are  populated  according  to  Eq.  1,  the  echo  fields  generated 
from  atoms  in  either  state  separately  will  interfere  constructively  and  make 
the  echo  larger  than  that  which  would  be  produced  by  atoms  in  either  state 
separately. ..  Since  the  z-velocity  distribution  of  Eq.  1 does  not  indicate 
the  sense  along  z in  which  pulses  1 and  2 were  travelling,  pulse  3 and  the  echo 
it  generates  can  propagate  along  either  + z.  Since  the  modulated  z-velocity 
distribution  in  either  state  separately  is  sufficient  to  produce  an  echo  the 
third  pulse  does  not  need  to  excite  the  1 0^>  - 1 lV  transition.  It  is  only 
necessary  that  one  of  |o)  or  | lV  be  coupled  to  a third  state  1 2/ . An  echo 
will  then  be  generated  on  the  | i)  - 1 2^  transition  where  | i)  represents  1 0)  or 
| IV.  These  facts  concerning  the  stimulated  echo  were  not  previously  recog- 
nized. It  should  be  noted  that  because  state  |0^  (a  ground  state)  does  not 
rad  in  t ivel  y decay , the  stimulated  echo  resulting  from  the  modulated  z-velocity 
distribution  in  1 0/  can  be  produced  for  very  long  t^*  By  utilizing  the 
characteristics  of  the  stimulated  echo  discussed  above,  it  is  possible  to 


produce  a stimulated  echo  which  (as  a function  of  foreign-gas  pressure)  decayo 
during  t^  only  as  a result  of  the  thermal izat ion  of  the  z-velocity  distri- 
bution of  atoms  in  a single  state.  We  term  collisions  which  modify  the  atomic 
velocities  "velocity-changing  collisions"  (VCC) . Detailed  analysis  of  the 
effect  of  VCC  reveals^  that  for  fixed  excitation  pulse  separations  the  inten- 
sity of  the  stimulated  echo  varies  with  foteign-gas  pressure  P as 

Ie(P)  - Ioexp{-2(no/Po)vrot32(l-/*exp(-ikrAv1tp3)f (Av1)d(Av1)lP^exp{-6P) 

••00 

(2) 

1/2 

where  nQ  is  the  foreign-gas  density  at  pressure  P^,  v^  - (8k^T/irg)  where 
p is  the  echo  atom  - foreign-gas  atom  reduced  mass,  o is  the  total  VCC  cross 
section,  it#  ia  the  wavevector  of  the  third  pulse  and  the  echo,  Av^  is  the 
s-velocity  change  in  a single  collision,  and  f(Av^)  is  the  collision  kernel, 
i.e.  the  probability  distribution  of  the  Av^.  The  exp(-PP)  term,  which  rep- 
resents the  decay  due  to  collisions  during  the  intervals  tj,j  and  t^  , can  be 
independently  measured  allowing  the  VCC-induced  decay  during  t^j  to  be  de- 
termined. The  only  unknowns  in  Eq.  2 are  o and  f(Av,).  For  large  t , 

1 © J 

the  Integral  involving  f(Av^)  becomes  zero  and  o can  be  unambiguously  de- 
termined. Using  the  value  of  a obtained  for  large  t^,  it  is  possible  to 
determine  f(Av^)  through  stimulated  echo  decay  measurements  for  short  t j. 

Note  that  the  a determined  here  is  the  same  absolute  elastic  scattering 
cross  section  laboriously  obtained  in  atomic-beam  experiments.  Unlike  atomic- 

beam  experiments,  stimulated  echo  experiments  can  measure  the  absolute  o for 
short-level  excited  states  as  well  as  ground  states.  We  have  performed  de- 
tailed stimulated  echo  measurements  in  Na  and  have  measured  ^ both  the 
Ns(3S)-He  and  NaOPjyj)-1*®  scattering  cross  section.  In  the  case  of  Na(3S)- 
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He  scattering  ovir  data  has  allowed  us  to  infer  the  form  of  f(Av^),  which 
surprisingly  turns  out  to  be  of  Lorentzian  form  rather  the  the  commonly  as- 
sumed Gaussian  form.  Fig.  2 shows  the  results  of  our  Na(3S)-He  measurements. 

oo 

Here  we  have  defined  = o[l  - f exp(-ikeAv t ) f (Av ^)d (Av ^) 1 . The  solid 

[broken]  curve  in  Fig.  2 was  generated  from  Eq.  2 assuming  a Lorentzian 
[Gaussian]  kernel.  More  details  of  our  work  can  be  found  in  Ref.  1.  It  is 
clear  that  measurements  of  the  collisionally- induced  decay  of  the  stimulated 
echo  will  provide  important  new  information  concerning  atomic  collision 
physics . 

The  excitation  pulses  necessary  to  produce  the  two-photon  echo 
are  shown  (solid  lines)  in  Fig.  lb.  The  sum  or  difference  of  and  u> ^ is 
equal  to  the  energy  difference  between  states  coupled  by  a two-photon  transi- 
tion. In  our  experiments  o>^  and  are  separately  resonant  with  single-photon 
transitions,  i.e.  we  produce  the  two-photon  echo  via  a resonant  intermediate 
state.  While  a resonant  intermediate  state  lowers  the  power  requirements 
for  producing  the  two-photon  echo,  it  introduces  the  necessity  of  preventing 
single-photon  coherent  transients,  e.g.  photon  echoes,  produced  at  both 
and  Wj  from  obscuring  the  two-photon  echo.  In  our  original  experiment  this 
was  accomplished  by  a difficult  non-collinear  excitation  scheme  in  which  the 
two-photon  echo  was  spatially  separated  from  the  single-photon  transients. 

We  have  subsequently  recognized  that  by  using  linearly  polarized  excitation 
pulses  oriented  as  shown  by  the  arrows  in  Fig.  lb  we  can  eliminate  (on  transi- 
tions involving  states  of  suitable  angular  momenta)  single-photon  transients 
using  simple  polar izntion  selective  detection.  Equally  importantly,  this  ex- 
citation arrangement  allows  us  to  eliminate  both  of  the  excitation  pulses  at 
the  echo  frequency  (which  tend  to  saturate  the  detector  and  prevent  the  echo 
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I rom  being  soon)  without  recourse  to  optical  shutters.  As  a result  wo  are 
able  to  see  two-photon  echoes  using  convenient  collinenr  excitation  pulses 
with  only  a g Inn-prism  polar izer  and  hand-pass  filter  to  prevent  detector 
saturation.  Ily  making  the  tvo-photon  echo  easier  to  produce  and  observe  we 
have  enhanced  its  utility.  We  are  currently  using  the  two-photon  echo  to 
study  collisional  relaxation  in  Tt. 

We  have  utilized  the  tri-level  echo  (see  Fig.  le  for  excitation  scheme) 
to  obtain  the  data  shown  in  Fig.  3,  wnere  we  plot  the  tri-level  echo  colli- 
sional decay  cross  section  versus  principal  quantum  number  n.  This  data  rep- 
resents a significant  contribution  to  the  study  of  collisional  relaxation  of 
highly  excited  states  of  the  same  parity  as  the  ground  state.  It  will  be 
noted  that  the  collisional  decay  cross  art  ion  does  not  Increase  monotonies  l Iv  with 
n.  Instead  it  reaches  a maximum  and  subsequently  decreases  to  an  asymptotic 
limit.  Previous  studies  of  the  relaxation  characteristics  of  highly  excited 
states  have  been  limited  to  states  which  are  directly  accessible  via  single- 
photon absorption  from  the  ground  state.  We  have  found  that  the  tri-level 
echo  can  also  be  detected  using  only  a linear  polarizer  to  prevent  detector 
saturation.  Fig.  lc  indicates  (arrows)  the  relative  linear  polarizations  of 
the  excitation  pulses  and  echo  which  permit  this.  We  intend  to  extend  our 
tri-level  echo  study  of  foreign-gas- Induced  relaxation  of  the  alkali  $ and  0 
Rvdberg  states  to  other  foreign  gases  and  higher  n. 

*This  research  was  also  supported  bv  the  Office  of  Naval  Research  under 
Contract  N00014-78-C-0517. 
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IV.  QUANTUM  DETECTION  AND  SENSING  OF  RADIATION 


A.  NONLINEAR  HETERODYNE  DETECTION  AND  SENSING  IN  THE  INFRARED  AND  OPTICAL 
(M.  C.  Teich,  R.  A.  Meyers,  M.  Elbaura*) 

Considerable  progress  has  been  achieved  in  the  theoretical  analysis  of 
the  heterodyne  correlation  radiometer,  the  details  of  which  have  been  recently 
published. ^ The  ideal  signal-to-noise  ratio  (SNR)  and  minimum-detectable- 
power  (MDP)  at  the  output  of  the  system  have  been  obtained  for  a number  of 
cases  of  interest,  including  sinusoidal  signals,  and  Gaussian  signals  with 
both  Gaussian  and  Lorentzian  spectra.  We  have  shown  that  the  system  exhibits 
an  MDP  ^(hv/n^J/yf /e  where  hv  is  the  photon  energy,  is  the  detector  quantum 
efficiency,  y is  the  average  linewidth  of  a typical  line,  f is  the  mean 
frequency  interval  between  signal  lines,  and  £ is  the  ratio  of  locally-produced 
power  to  the  received  remotely-radiated  power.  This  result  is  very  encouraging 
since  it  indicates  that  a strong  locally  radiating  sample  can  increase  c and 
thereby  decrease  the  MDP.  Our  detailed  calculations  show  that  small  linewidths 
and  closely  spaced  lines  enhance  detectability,  as  does  a strongly  radiating 
local  sample.  Of  course,  the  remote  source  should  be  as  strong  as  possible 
for  definitive  detection.  Correction  factors  for  impurity  species  will  not, 
it  appears,  seriously  impair  operation  of  the  system.  For  certain  choices  of 
parameters,  the  SNR  at  the  output  of  the  heterodyne  correlation  radiometer 
will  provide  a sufficient  confidence  level  for  detection.  For  situations  in 
which  this  is  not  the  case,  we  have  shown  that  further  improvement  can  be 
obtained  by  adding  a classical  radiometer,  a balanced  mixer,  and/or  a multi- 
channel receiver.  Though  calculated  ideal  system  performance  is  excellent, 

the  real  SNR  may  be  reduced  by  a variety  of  deleterious  effects  in  analogy 

(2) 

with  the  conventional  system. 

We  have  shown  that  the  technique  should  operate  over  a broad  frequency 
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range  from  the  microwave  to  the  optical.  For  the  submillimeter  region,  it 

may  be  possible  to  use  a combination  Schottky-barrier-diode/harmonic-mixer 

that  would  provide  an  output  at  low  frequencies  as  long  ns  the  high-frequency 

beat  signals  are  generated  and  mixed  within  the  detector.  LO  harmonics  are 

(1) 

also  readily  generated  in  these  devices  so  that  harmonic-mixing  heterodyne 

(4) 

correlation  radiometry  could  be  performed.  Josephson  junctions,  which 
can  sometimes  be  made  to  produce  their  own  LO  power,  and  metal-oxide-metal 
diodes  could  also  bo  used.  An  IMPATT  solid-state  oscillator  could  conven- 
iently be  considered  as  an  LO  in  these  regions  since  frequency  stabilization, 
which  is  difficult  to  achieve  in  these  devices,  is  not  required.  At  higher 
frequencies,  tunable  diode  lasers  and  Schottky-harrier  detectors  may  be  useful 
components. 

We  have  also  evaluated  the  performance  of  an  optical  or  infrared  heterodyne 
system  in  estimating  the  mean  intensity  of  a gaussian  random  signal,  and 
shown  that  it  depends  on  the  mean  number  of  photoearr tors  released  by  the 
signal  radiation  in  its  coherence  volume  (degeneracy  parameter) . ^ In  a 
pulsed  radar,  this  parameter  can  be  manipulated  by  varying  the  pulse  duration 
while  keeping  the  mean  number  of  signal  photocarriers  constant.  Furthermore, 
in  a number  of  situations  of  practical  interest,  an  optimal  pulse  duration 
exists,  corresponding  to  a degeneracy  parameter  of  unity.  Heterodyne  and 
direct  detection  are  compared  for  this  case,  and  direct  detection  is  found  to 
be  superior  in  the  strong-signal  limit. 

* Supported  by  DARPA. 
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PHOTON  COUNTING  DETECTION  FOR  COMMUNICATIONS,  RADAR , AND  I MAC  I Nil* 
(P.  R.  Prucnal.  G.  Vannucc 1.  M.  C.  Tel  eh.  H.  C.  Card) 


The  likel ihood-ratio  detection  of  a signal  embedded  in  noise  constitutes 


an  Important  class  of  classical  binary  decision  problems  that  has  found  wide- 
spread applicability  in  the  synthesis  and  analysis  of  .nany  types  of  systems.  ^ 

(2)-(19) 

These  applications  range  from  optical  communicat ions  to  radar  sys- 

( 1$)-(21) 

toms.  “ For  complex  signal  and  noise  statistics,  it  is  sometimes  difficult 
or  impossible  to  express  the  likelihood  ratio  in  closed  form,  however.  Even 
for  simple  signal  and  noise  statistics,  direct  implementation  of  the  likelihood 
ratio  as  an  optimum  processor  may  be  rather  difficult.  It  may  be  possible  to 
reduce  the  likelihood  ratio  to  a simpler,  but  equivalent  processor  bv  using 

variou^^K  hoc  geometric  arguments  or  lengthy  algebraic  manipulations. 

(22) 

We  have  made  excellent  progress  in  deriving  a simple  processor  that 
is  optimum  for  a broad  range  of  classical  binary  decision  problems  involving 
the  likelihood-ratio  detection  of  a signal  embedded  in  noise.  The  class  of 
problems  we  have  considered  encompasses  the  case  of  N independent  (but  not 
necessarily  identically  distributed)  observations  of  a nonnegative  (or  non- 
positive) signal  random  variable  embedded  in  an  additive,  independent,  and 
non interfering  noise  random  variable,  where  the  range  of  the  signal  and  noise 
is  discrete.  We  have  shown  that  a comparison  of  the  sum  of  the  N observations 
with  a unique  threshold  comprises  optimum  processing,  provided  that  the  logarithm 
of  the  noise  probability  density  does  not  contain  a point  of  inflection.  This 
condition  on  the  noise  probability  density  is  not  necessary,  but  is  sufficient, 
to  imply  our  single-threshold  processor  and  does  not  depend  on  the  signal 
probability  density.  The  results  are  applicable  to  a spatial  array  of  detectors 
exposed  to  a temporal  sequence  of  observations.  We  have  shown  by  example 


HH 
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that  in  many  cases  it  is  not  difficult  to  cest  the  log  of  the  noise  density  for 
a point  of  inflection  analytically.  In  more  difficult  cases  ,a  graphical 
representation  of  the  noise  density  with  a logarithmic  ordinate  scale  may  be 
useful  in  revealing  a pol  t of  inflection.  We  have  applied  the  results  to 
a generalized  photocounting  optical  communication  system  and  shown  that  back- 
ground noise,  dark  noise,  modulation,  avalanche  multiplication,  and  channel 

distortions  are  easily  included  in  our  model. 

(18)  ’ 

We  had  previously'  derived  a limited  version  of  these  results  for  a 
single  observation  (N“l)  of  a nonnegative  signal  embedded  in  noise,  when  the 
logarithm  of  the  noise  density  is  concave  downward.  The  proof  was  based  on  the 
existence  of  a nonunique  continuous  extension  of  the  noise  density,  so  that 
implementation  of  the  result  depended  on  a proper  choice  of  this  continuous 
extension.  No  such  ambiguity  now  exists.  We  have  eliminated  the  need  for 
a continuous  extension  by  applying  a finite-difference  condition  directly  to 
the  discrete  noise  density. 

We  have  also  considered  a mathematical  description  for  the  class  of  optical 

experiments  in  which  a pulse  of  light  is  generated  in  which  the  underlying 

Poisson  photon  statistics  are  modified  by  an  intensity  that  decays  exponentially 
(23) 

in  time.  In  some  cases,  as  when  the  light  is  vesk,  it  is  necessary  to 

use  photon-counting  techniques  to  detect  this  signal.  In  those  situations  in 
which  the  sampling  interval  (or  time)  T is  much  greater  than  the  decay  time, 
essentially  all  of  the  light  energy  is  contained  in  each  sampling  interval, 
so  that  the  photocounting  distribution  will  be  Poisson  of  mean  <n>  “ nIT. 

Here  n is  the  quantum  efficiency  of  the  detector,  I is  the  time-averaged 
intensity  of  the  light  at  the  detector,  and  it  is  assumed  that  spatial  effects 
can  be  ignored. 
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We  have  derived  the  exact  photocounting  distribution  expected  when  the 
sampling  interval  T is  not  necessarily  large  in  comparison  with  the  decay  time 
t of  the  light.  We  have  also  derived  closed-form  expressions  for  the  count 
mean  and  variance.  The  results  are  valid  for  the  repeated  and  exhaustive 
sampling  of  a single  exponentially  decaying  light  pulse,  or  for  sampling  from 
an  ensemble  of  such  pulses  of  identical  height  when  the  starting  time  of  the 
sampling  interval  is  uniformly  distributed. 

*This  research  was  also  supported  by  the  National  Science  Foundation. 
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C.  MILLIMETER-  AND  SUBMILLIMETER-WAVE  MIXERS  USING  JOSEPHSON  JUNCTIONS* 

(A.  R.  Kerr,  P.  Thaddeus,  Y.  Taur) 

The  Josephson  junction  has  great  potential  as  a very  low  noise  coherent 
detector  at  millimeter  and  submill imeter  wavelengths.  When  operated  as  a mixer 
it  possesses  the  unique  characteristics  of  requiring  local  oscillator  power  of 
only  a few  uanowatts,  while  being  more  sensitive  than  the  best  cryogenic  Schottky 
diode  mixers.  The  engineering  problems  which  have  delayed  practical  application 
of  the  Josephson  junction  as  a receiver  front-end  are: 

(i)  Development  of  a device  with  an  impedance  level  sufficiently  high  to 
be  matched  to  a practical  waveguide  structure. 

(ii)  Fabrication  of  such  a device  and  its  mounting  structure  with  the  very 
small  dimensions  and  tolerances  required  for  millimeter  and  sub-millimeter  wave- 
length operation,  and  with  sufficient  mechanical  stability  for  cryogenic  cooling. 

(iii)  Development  of  appropriate  waveguide  matching  structures  in  which 
to  mount  the  Josephson  junction. 

We  have  developed  a stable,  thermally  re-cyclablc  Josephson  junction  mixer 
for  115  The  high  sensitivity  and  low  conversion  loss  of  this 

device  promise  a gain  in  overall  receiver  sensitivity  by  a factor  of  'A  over 
the  best  room  temperature  receivers  at  this  frequency  (this  corresponds  to  a 
reduction  in  necessary  observing  time  by  a factor  of  16).  Following  initial 
testing  in  a laboratory  dewar,  the  Josephson  mixer  is  now  being  mounted  in  a 
specially  designed  receiver  using  a cryogenically  cooled  transistor  IF 
amplifier  to  redue'e  second-stage  noise.  This  receiver  will  be  installed  on 
the  Columbia-GISS  4-foot  CO  Sky  Survey  telescope  in  the  near  future. 

Work  on  understanding  the  noise  behaviour  of  Josephson  mixers  has  led  to 
a digital  computer  simulation  of  the  device,  includinj  the  effects  of  thermal 
noise  in  the  junction  resistance.  This  has  given  excellent  agreement  with  our 
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and  will  be  an  essential  tool  in  developing 


(A) 

experimental  results  at  115  GHz, 
the  next  generation  of  Josephson  junctions  and  their  waveguide  coupling  structures. 
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V.  PHYSICAL  PROPERTIES  AND  EFFECTS  OF  ELECTRONIC  MATERIALS 


A.  TUNNELING  IN  ULTRATHIN  Si02  LAYERS  ON  SILICON* 
(H.  C.  Card,  K.  K.  Ng) 


This  work  Is  an  extension  of  the  studies  of  MOS  tunneling  first  reported 
in  the  previous  progress  report  (Sec.  IV  A 1 of  progress  report  28). 

We  report  here  on  a basic  asymmetry  observed  in  the  tunneling  probabilities 
for  electrons  and  holes  of  ultrathin  Si09  films  in  metal-Sif^-nSi  structures. 
Hole  tunneling  in  this  sense  implies  the  tunneling  of  electrons  from  the  metal 
into  the  valence  band  of  the  semiconductor.  The  tunneling  transmission  co- 
efficient for  holes  (T^)  is  consistently  appreciably  lower  than  that  for 
electrons  (T  ) when  these  coefficients  are  measured  on  the  same  sample. 

We  deal  with  an  n-type  semiconductor  and  the  transmission  coefficient 
for  majority  carriers  (electrons),  T^,  is  first  determined  from  dark  measure- 
ments of  current  density  and  capacitance  vs  bias  voltage  V by  a method  described 
previously. ^ ^ The  sample  (which  has  an  optically  transparent  metal  electrode) 
is  then  illuminated  with  photons  of  energy  in  excess  of  the  semiconductor 
energy  gap  in  order  to  determine  the  photocurrent  density.  The  photocurrent 

O 

density  is  suppressed  by  the  SiO.,  layer  (for  thickness  d - 20  A)  to  an  extent 
that  is  determined  by  comparison  with  an  ideal  metal-semiconductor  structure 
(d  -*  0)  fabricated  at  the  same  time  so  that  the  optical  transparency  of  the 
metal  films  are  identical.  The  magnitude  of  photocurrent  density  is  used  to 
determine  the  transmission  coefficient  of  the  SiO^  film  for  minority  carriers 


(Im>I  e?;) , T . 

h 

These  transmission  coelllclents 


are  given  In  the  WKH  approx  I mat  ion  l>v 
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(1) 


where  Kp  is  the  imaginary  wavevector  for  electrons  (tunneling  through  the 

SiO-  layer  at  the  energy  of  the  semiconductor  conduction  band  edge  E (Si)), 

‘ c. 

Jq  is  the  measured  value  of  the  dark  saturation  current  density  due  to  the 
majority  carrier  transport,  m^  is  the  transverse  effective  mass  in  the  semi- 
conductor conduction  band,  q$>^  is  the  (Schottky)  barrier  height,  determined 
from  the  capacitance  characteristics,  and  equal  to  the  energy  difference  between 
the  metal  Fermi  energy  and  E^fSi)  for  V-0,  and  by^^ 


T - exp(  -2  | K.  |d) 
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where  m^  is  the  effective  mass  for  holes  with  momentum  transverse  to  the 

barrier,  m^  is  the  density-of-states  effective  mass  in  the  semiconductor 

valence  band,  D and  L are  the  diffusion  coefficient  and  diffusion  length 
P P 

for  holes  in  the  Si,  i^°  is  the  Si  surface  potential  for  V*»0,  J is  the  measured 

s sc 

photocurrent  density  for  V«0  in  the  presence  of  the  SiO„  layer,  and  J .is 

L pn 

the  measured  photocurrent  density  for  the  same  illumination  as  d 0 (in 

the  ideal  metal-semiconductor  structure  with  no  photocurrent  suppression). 

i|»°  was  determined  by  capacitance  measurements  under  the  illuminated  conditions, 

(3) 

and  Lp  was  measured  for  those  samples  by  a method  due  to  Kar. 

The  results  of  and  vs  d are  shown  in  Fig.  1.  In  the  case  of 

for  d ■ 33  % the  result  is  a gross  underestimate  because  of  complications  due 

to  photoemission  from  the  metal  into  the  SiO.,  conduction  band.  The  striking 

observation  is  that  X.  >>  K , in  order  words  that  T.  <<  T for  all  d when 

n e he 

these  parameters  are  measured  on  the  same  structure.  These  samples  were 
Au-SiOj-nSi  structures  with  SiOj  layers  grown  in  steam  at  900°C  after  initial 
growth  and  ronoval  of  “2000  A SiOj  layers  and  d was  determined  by  ellipsometry 
measurements. 
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Figure  1:  Magnitudes  of  tunneling  exponents  for  electrons  and  holes  in  ultra- 
thin  Si02  films  illustrating  the  asymmetry  between  the  (imaginary) 
wavevectors  Ke  and  Kj,.  Dotted  line  shows  previous  data  (Ref.  2) 
for  electrons  for  comparison. 


Let  us  consider  the  E-K  disperson  relation  for  electrons  with  energies 
in  the  forbidden  gap  of  the  S10o  film.  Assuming  a Fran*  relation^^  we  have 
that 


2 m (F.-F.  ) 2m  F. 
e g v 


where  mc,  m^  are  the  effective  masses  In  the  conduction,  valence  bands  of  the 

sio2. 

Photoemission  measurements  on  S10A  layers  of  much  greater  thickness 

o 

(«1000  A)  have  shown  that  E^SiO^-E  jSi)  « 3eV,  Fv(Si)-Ev(SiC>2)  » 4-5  eV 
and  that  E^(S102)  n 9 eV.  ^ Using  these  values  in  Eq.  (3)  we  find  that 

the  results  of  Fig.  1 cannot  be  obtained  with  a positive  value  of  both  m 

c 

and  m . It  is  known  however  that  considerable  positive  charge  (which  has 
as  its  origin  excess  Si  in  the  SiO.,3  exists  in  the  oxide.  This  enhances  the 
electron  tunneling  barrier  and  reduces  that  for  holes  in  a way  that  is  con- 
sistent with  the  observations  reported  here. 

This  wrk  is  being  prepared  for  publication  in  the  Journal  of  Applied 
Physics. 
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B.  CARRIER  TRANSPORT  ACROSS  HETEROJUNCTION  INTERFACES 


(E.  S.  Yang,  C.  M.  Wu,  H.  C.  Card) 

The  transport  of  carriers  from  one  side  of  a semiconductor  heterojunct ion 
to  the  other  is  characterized  by  the  quantum-mechanical  transmission  coefficient 
(QMT),  defined  as  the  ratio  of  the  transmitted  to  the  incident  current.  The 
current  per  unit  area  from  side  1 to  side  2 of  the  junction  in  the  x-direetion 
is  given  by^ 


Ji-2  " -(|jp///^||->dkxdVk*T<E*ky’kz)fl(E(C)){1“f2(E(R))} 


where  k , k and  k are  the  wave  vectors  in  the  x,  y and  z directions  respec- 
x y z 

tively.  Since  heterojunct ions  used  in  optical  devices  are  mostly  fabricated 
with  a direct-band  semiconductor,  we  assume  that  the  electron  effective  mass 
m*  is  Isotropic.  In  addition. 


T(E,ky,k^)  ■ the  quantum  mechanical  transmission  coefficient, 
E ■ total  kinetic  energy 


h ..2  . , 2 , .2, 
■ (k  + k + k ) 
2m*  x y z 


fpfj  ■ the  probability  of  the  carrier  occupancy  at  the  energy  E in 
side  1 and  side  2,  respectively. 


Here,  electrons  are  considered  as  the  only  carriers  and  the  formulae 
are  valid  for  holes.  Then  the  net  current  is  the  difference  of  the  two  current 
components  flowing  in  opposite  directions. 


(2) 


1*2 


- J 


2*1 


■ '(i?p///s<|f->dkxdkydk*T(E*ky’kt){fl(E(E))  ’ f2(E(C))) 

The  QMT  is  defined  as  the  ratio  of  the  transmitted  current  to  the  inci- 
dent, i.e.,  the  probability  of  a carrier  passing  through  a Junction  interface. 
From  Crowell's  analysis,  the  QMT  of  the  depletion  region  of  a Schottky  barrier 
depends  on  the  potential  height  and  the  material  parameter  - 1.8565  • 

10  **(N/ra  cr)^“.  The  WKB  approximation  is  valid  when  the  carrier's  kinetic 
energy  is  not  near  the  peak  of  the  potential.  Tn  the  Schottky  diode,  electrons 
are  emitted  to  a region  with  a larger  effective  mass  (the  free  electron  mass); 
therefore,  the  current  transport  is  very  sensitive  to  the  value  of  the 
effective  mass  ratio  >.  In  the  heterojunction.  the  carrier  transport  through 
the  junction  is  affected  by  the  change  of  the  effective  mass  which  makes  the 
perpendicular  kinetic  energy  to  be  added  or  subtracted  dependent  on  the  value 
of 

The  transport  equations  are  examined  in  the  heterojunction  interface, 
being  especially  concerned  with  the  different  masses  of  carriers  in  both 
sides  of  either  an  isotype  or  anisotype  hetero junction.  The  upper  and  lower 
limits  of  the  perpendicular  component  of  the  kinetic  energy  are,  in  general, 
not  infinity  and  zero,  respectively.  The  general  form  of  the  current  density 
is  derived  by  assuming  an  isotropic  effective  mass.  In  the  model  presented 
here,  the  perpendicular  component  of  the  kinetic  energy  is  modified  by  l/'V 
so  that  the  perpendicular  momentum  is  conserved  when  carriers  pass  through 
the  barrier  and  the  QMT  coefficient  is  modified  by  the  factor  (Figs.  1 
and  2).  For  the  conservation  of  the  total  energy,  this  modulated  perpendicular 
kinetic  energy  of  (1/*  - 1)EA  plays  a role  in  reducing  effectively  the 
barrier  height  in  the  calculation  of  the  quantum-mechanical  transmission 
coeff ic lent. 
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Since  the  WKB  approximation  cannot  be  used  to  calculate  the  quantum- 
mechanical  transmission  when  the  kinetic  energy  is  around  the  peak  ol  the 


potential  barrier,  we  have  used  a combined  WKB-numer ical  method  in  which  the 
parallel  kinetic  energy  is  considered  separately  in  three  regions:  (i)  E (|  > 
in  which  the  WKB  method  is  valid,  (ii)  > E|  > E?  in  which  the  numerical 
method  is  used,  and  (iii)  Er  < E^  in  which  the  WKB  method  is  employed  in  the 
depletion  region  of  side  1 and  the  numerical  method  is  used  in  side  2.  Re- 
ferring to  Rode’s  work  on  the  AlGaAs-GaAs  DH  laser,  the  Al^Ga^  ^As-GaAs  N-n 
junction  is  taken  as  an  example  to  calculate  the  current  densities  under  both 
forward  and  reverse  biasing  voltages  (Figs.  3 and  4).  At  high  biasing,  the 
forward  characteristics  show  that  the  quantum-mechanical  reflection  reduces 
the  current  density  to  sixty  percent  of  its  classical  value.  But  at  low 
biasing,  it  shows  that  the  tunneling  current  must  be  considered  as  the  semi- 
conductor of  the  larger  energy-band  gap  is  heavily  doped.  This  transport 
theory  is  applicable  to  the  anisotype  hetero junction . It  has  to  be  considered 
additionally  that  the  diffusion  mechanism  appears  in  series  with  the  T-F 
emission  considered  here. 

We  have  also  calculated  the  electrostatic  effects  of  interface  states 
on  the  carrier  transport  across  p-N  and  N-p  heterojunctions  and  this  is 
reported  in  Ref.  2. 

(1)  C.  M.  Wu  and  E.  S.  Yang,  "Carrier  Transport  across  Heterojunction  Inter- 
faces," Solid  State  Electron.,  in  press  (1979). 

(2)  H.  C.  Card,  "Electrostatic  Effects  of  Interface  States  on  Carrier 
Transport  in  Semiconductor  Hetero junctions,"  J.  Appl.  Phys.,  in  press 
(1979). 
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FORWARD  BIAS  VBS  (kT) 


Figure  3:  The  forward  current  of  the  N-n  AlxGa^_xAs  - GaAs  junction 

under  the  bias  VRS>  Nn  is  the  doping  of  the  ternary  compound 
and  that  of  GaAs  Is  lO^cm-^. 
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CURRENT  DENSITY  J (A/cm2) 


X-0.25 

X-0.35 


Figure  4: 


REVERSE  BIAS  VBS  (kTJ 


The  reverse  current  of  the  N-n  AlxGaj_xAs  - GaAs  junction 
under  the  bias  Vj$g,  Nn  is  the  doping  of  the  ternary  compound 
and  that  of  GaAs  is  1015cm~3. 


C.  METAL-GERMANIUM  SCHOTTKY  BARRIER  QUANTUM  DETECTORS 

(H.  C.  Card,  E.  Y.  Chan) 

This  research  is  aimed  at  an  understanding  of  the  basic  electronic  and 
optoelectronic  mechanisms  in  germanium  Schottky  barriers  and  their  applica- 
tions as  quantum  detectors  in  the  1.1  to  l.A  pm  range.  More  details  of  this 
initial  study  are  to  be  found  in  reference  1. 

Germanium  has  four  conduction  band  minima  along  the  (111)  direction, 
an  indirect  energy  gap  (Eg^)  of  0.66  eV  and  a direct  energy  gap  (Egd)  of 
0.81  eV.  Shown  in  Fig.  1 is  the  band  diagram  and  the  corresponding  disper- 
sion (E-K)  relation  of  metal-germanium  Schottky  barriers.  <J>  0 and  d>  _ are 

BZ  B1 

the  barrier  height  with  respect  to  the  direct  and  indirect  conduction  band 
minima.  When  the  device  is  Illuminated,  electron-hole  pairs  are  generated 
and  arrows  1,2, 3, A indicate  the  four  possible  electron  transitions.  Pro- 
cesses 1 and  2 are  the  indirect  and  direct  valence  to  conduction  band  trans- 
itions. Processes  3 and  A are  due  to  excitation  of  electrons  from  the  metal 
into  the  indirect  and  direct  conduction  band  minima.  In  this  work  special 
attention  is  paid  to  processes  1 and  2.  For  optimum  performance  of  the  de- 
tector using  these  two  processes,  the  metal  thickness  should  not  be  greater 
than  the  photon  mean  free  path.  At  the  same  time  the  depletion  width  (W)  of 
the  germanium  should  be  greater  than  1/a,  where  a is  the  absorption  coeffi- 
cient of  germanium,  to  allow  for  absorption  of  the  optical  radiation  within 
the  depletion  layer  and  hence  yield  optimum  frequency  response.  The  dark 

current-voltage  relation  of  the  germanium  Schottky  barrier  quantum  detec- 

(3) 

tor  is  described  by  the  thermionic  emission  theory  as 

I - A**aT2  exp(-j^)  {exp(^)-l}  (1) 
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and  dispersion  (E-K)  relation  for  raetal-Ce  Schottky  barrier, 
indicate  the  four  possible  electron  transition  mechanisms. 


FORWARD,  I (AMPERES) 


REVERSE,  I (AMPERES) 


where  the  parameter  n is  the  ideality  factor,  is  the  barrier  height  (*^ 

D “1 

in  Fig.  2),  A**  is  the  modified  Richardson's  constant.  For  (111)  germanium, 
\**  is  SO  Amp/cm‘  ^ The  capacitance  voltage  (C-V)  characteristic  is 

described  by 

2U  - V - KT/q) 

1/C  - ° 2 (2) 

q c a'  Nd 

where  a is  the  device  area. 

I -V  Chara cte r 1st ics 

Fig.  3 is  a typical  linear  1-V  plot  for  a Au-Ce  Schottky  barrier  with 

metal  thickness  d = 300  X.  Excellent  reverse  saturation  characteristics 

were  observed  both  in  the  dark  and  under  illumination.  Figs.  2 arid  3 are 

the  semilogaritlimic  plots  for  the  forward  and  reverse  l-V  characteristics 

for  five  different  metal-germanium  contacts  with  d * 300  X;  all  agree  with 

F.q.  (1).  1 found  from  the  extrapolation  of  the  forward  1-V  characteristics 

in  Fig.  2 is  in  very  good  agreement  with  the  corresponding  values  obtained 

from  reverse  I-V  characteristics  in  Fig,  3.  The  n values  found  for  these 

devices  are  in  the  range  1.03  + 0.01  < n < 1.08  + 0.01  which  are  very  close 

to  Ideality.  The  1-V  measurements  were  performed  on  devices  with  metal 

thicknesses  in  the  range  of  50  X ids  2000  A.  In  the  case  of  An,  Cu,  Ag 

and  Ni,  <}>  was  found  to  be  independent  of  d;  's  averaged  over  various  thick- 
d n 

nesses  are:  (Au)  0.589  eV,  (Cu)  0.522,  (Ag)  0.544  eV , (Ni)  0.496.  In  the 

case  of  Pb-Ge  contacts,  a pronounced  decrease  in  # with  d is  observed. 

n 

Ideal  devices  are  obtainable  for  all  metal-Ge  contacts  including  the  lower 
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d cases. 


I 


C-V  Measurements 


2 

Fig.  4 shows  1/C  vs.  VR  (reverse  bias)  for  various  metal-germanium 

O 

contacts  at  d « 300  A.  These  are  good  straight  lines  at  high  reverse  bias 
voltages.  Deviations  from  straight  lines  occur  at  low  biasing  voltages  and 
this  tendency  is  more  pronounced  for  Pb  and  Ag.  The  $ 's  found  by  extra- 

O 

2 

polation  of  the  linear  portion  of  the  1/C  vs.  V from  Eq.  (2)  are:  0.396  eV 
for  Au-Ge  contact,  0.519  eV  for  Cu-Ge  contact,  0.506  eV  for  Nl-Ge  contact, 
0.5745  eV  for  Ag-Ce  contact  and  0.576  eV  for  Pb-Ge  contact.  These  values 
are  in  good  agreement  with  the  values  obtained  from  the  I-V  data.  The 
doping  density  Nd  determined  from  the  slope  of  these  straight  lines  are  in 
good  agreement  with  the  specified  resistivity  range.  $ 's  found  from  the 

u 

two  measurements  are  in  close  agreement  within  an  error  of  + 0.03  eV.  The 

2 

deviation  from  straight  lines  at  low  bias  voltages  for  the  1/C  vs.  V plots 
are  due  to  the  presence  of  Inversion  layers  in  metal-Ge  contacts.  The  high 
to  Eg  (energy  gap)  ratio  in  metal-Ge  contacts  requires  a modification  of 
the  depletion  approximation  expressed  in  Eqs.  (1)  and  (2). 


where  U is  now  function  of  voltage  (V).  At  high  reverse  bias,  U(V)  ■+  - 

KT/q  and  Eq.  (3)  will  approach  the  depletion  approximation  of  Eq.  (2).  The 
more  pronounced  deviation  in  the  case  of  Ag  and  Pb  is  attributed  to  the  pre- 
sence of  deep  traps  as  explained  in  reference  5.  C-V  measurements  performed 
under  HeNe  laser  illumination  also  indicated  the  existence  of  traps.  The  effect 
of  illumination  on  the  C-V  data  is  negligible  in  the  case  of  Au,  Cu,  Ni-Ge 
contacts,  but  becomes  significant  in  the  case  of  Ag  and  Pb.  N^'s  determined 
from  the  slope  at  lower  biases  are  smaller  than  those  obtained  at  high  bias 

111 


w 


and  still  smaller  under  laser  illumination.  This  we  feel  is  due  to  the  fil- 
ling of  traps  in  the  depletion  layer  by  photoexcited  electrons.  C-V  measure- 
ments have  also  revealed  minority  carrier  injection-induced  inductance  at 
large  forward  bias  as  predicted  in  reference  6. 


Optical  Response 

1-V  measurements  under  HeNe  laser  illumination  were  performed  (for 

ideal  devices  only)  at  various  metal  film  thicknesses.  1 and  1 , are 

sc  ph 

photogenerated  current  at  V - 0 and  V « -1.0  respectively.  The  number  of 

electrons  generated/sec  at  V • 0 is  given  as  N L =1  /q  and  at  V - -1.0 

pho  sc 

V as  Np^  ■ Ip^/q.  The  quantum  efficiencies  (Q.E.)  at  V ■ 0 and  V « -1.0V 
are  given  as  nQ  - (Npho/N)  x 1002  and  nR  - (Nphl/N)  x 100%. 

Figs.  5 and  6 summarize  the  results  of  n and  nD  for  all  devices. 

Both  nQ  and  nR  decline  with  metal  thickness  above  a critical  thickness  d => 
100  A.  For  d £ 100  X,  nQ  for  Au  is  approximately  52%,  for  Cu  45%,  for 
Ag  43%,  with  considerably  lower  values  for  Pb  and  Ni;  nD  for  Au  is  66%,  Cu 

I 

is  78%,  Ag  is  56%  which  are  higher  than  no<  It  was  found  that  for  V < -1.0V 

I 

virtually  all  photoelectrons  were  collected  since  Jph  saturated  for  larger 

reverse  V.  The  difference  observed  for  n and  nD  amongst  various  metal-Ge 

O K 

contacts  at  the  same  d is  due  to  the  differences  in  metal  reflectivity  of 

I 

the  HeNe  laser  illumination. 

I 
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Figure  6:  Quantum  efficlenty  (Q.E.)  for  metal-Ge  contacts  vs.  metal  thickness  at  a reverse  bias 
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ATTN:  DRDAR-RD 
Dovor,  NJ  07801 


Comma  ml  or 

US  Avmv  Ballistics  Reserach  Lab. 

ATTN:  DRXRD-BAD 
Aberdeen  Proving  Ground 
Aberdeen,  MD  21005 

Commandant 

US  Army  Command  and  General  Staff  College 
ATTN:  Acquisitions,  Lib.  Div. 

Fort  Leavenworth,  KS  66027 

Commander 

US  Army  Communication  Command 

ATTN:  COOPS- PD 

Fort  Huachucu,  A7.  85613 

Commander 

US  Army  Materials  and  Mechanics  Research 

Con  ter 

ATTN:  Chief,  Materials  Sciences  Div. 
Watertown,  MA  02172 

Commander 

US  Army  Materiel  Development  and 
Readiness  Command 

ATTN:  Technical  Library,  Rm.  7S  35 
5001  Elsenhower  Avenue 
Alexandria,  VA  22333 

Commander 

US  Army  Missile  RAD  Command 
ATTN:  Chief,  Document  Section 
Redstone  Arsenal,  AL  35809 

Commander 

US  Army  Satellite  Communications  Agency 
Fort  Monmouth,  N.l  07703 

Commander 

US  Army  Security  Agency 
ATTN:  1ARD-T 
Arlington  Hall  Station 
Arlington,  VA  22212 

Project  Manager 

Army  Tactical  Data  Systems 

EAl  Building 

West  Long  Branch,  N.l  07764 
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Commander 

Atmospheric  Sciences  Lab.  (ERADCOM) 
ATTN:  DELAS-BL-DD 

White  Sands  Missile  Range,  NM  88002 

D : v cc  tor 

US  Army  Electronics  R&D  Command 
Night  Vision  & Electro-Optics  Labs 
ATT:  Or.  Ray  Balcerak 
Fort  Belvoir,  VA  22000 

Comma nd or 

US  Army  Communications 
R&P  Command 
ATTN:  DRDCO-COM-C 
(Dr.  Herbert  S.  Bennett) 

Fort  Monmouth,  NJ  07703 

Commander 

US  Army  Research  Office 
ATTN:  DRXRO-MA  (Dr.  Paul  Boggs) 

P.0.  Box  12211 

Research  Triangle  Park,  NC  27709 
Commander 

US  Army  Missile  R&D  Command 
Physical  Sciences  Directorate 
ATTN:  DRDMI-TRD  (Dr.  Charles  Bowden) 
Redstone  Arsenal,  AL  35809 

Director 

TRI-TAC 

ATTN:  TT-AD  (Mrs.  Briller) 

Fort  Monmouth,  NJ  07703 

Commander 

US  Army  Missile  R&D  Command 
Advanced  Sensors  Directorate 
ATTN:  DRDM1-TER  (Dr.  Don  Burlage) 
Redstone  Arsenal,  AL  35809 

Command  er 

US  Army  Flectronics  R&D  Command 
Night  Vision  & Electro-Optics  Labs 
ATTN:  DELNV  (Dr.  Rudolf  G.  Buser) 
Fort  Monmouth,  NJ  07703 


Director 

US  Army  Electronics  R&D  Command 
Night  Vision  & Electro-Optics  Labs 
ATTN:  John  Dehne 
Fort  Belvoir,  VA  22060 

Director 

US  Army  Electronics  R&D  Command 
Night  Vision  & Electro-Optics  Labs 
ATTN:  Dr.  William  Ealy 
Fort  Belvoir,  VA  22060 

Director 

US  Army  Electronics  R&D  Command 
ATTN:  DELEW  (Electronics  Warfare  Lab.) 
White  Sands  Missile  Range,  NM  88002 

Executive  Secretary,  TAC/JSEP 
US  Army  Research  Office 
P.O.  Box  12211 

Research  Triangle  Park,  NC  27709 
Commander 

US  Army  Missile  R&D  Command 
Physical  Sciences  Directorate 
ATTN:  DRDMT-TER  (Dr.  Michael  D.  Fahey) 
Redstone  Arsenal , AL  35809 

Command  er 

US  Army  Missile  R&D  Command 
Physical  Sciences  Directorate 
ATTN:  DRDM1-TR0  (Dr.  William  L.  Gamble) 
Redstone  Arsenal , AL  35809 

Commander 

White  Sands  Missile  Range 

ATTN:  STEWS-ID-SR  (Dr.  A1  L.  Gilbert) 

White  Sands  Missile  Range,  NM  88002 

Project  Manager 

Ballistic  Missile  Defense  Program  Office 
ATTN:  DACS-DMP  (Mr.  A.  Cold) 

1300  Wilson  Blvd. 

Arlington,  VA  22209 
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Commander 

US  Army  Communications  R&D  Command 
ATTN:  CENTACS  (Dr.  David  Hnratz) 
Fort  Monmouth,  NJ  07703 

Commander 

Harry  Diamond  Laboratories 
ATTN:  Mr.  John  E.  Rosenberg 
2800  Powder  Mill  Road 
Adelphi,  MD  20783 

HQDA  (DAMA-ARZ-A) 

Washington,  D.  C.  20310 

Commander 

US  Army  Electronics  R&D  Command 
ATTN:  DELET-E  (Dr.  Jack  A.  Kohn) 
Fort  Monmouth,  NJ  07703 

Command  er 

US  Army  Electronics  Technology 
and  Devices  Lab. 

ATTN:  DELET-EN  (Dr.  S.  Kroenonberg) 
Fort  Monmouth,  NJ  07703 

Commander 

US  Army  Communications  R&D  Command 
ATTN:  CENTACS  (Mr.  R.  Kulinyi) 

Fort  Monmouth,  NJ  07703 

Commander 

US  Army  Communications  R&D  Command 
ATTN:  DRDCO-TCS-BG  (Dr.  E.  Liebtein) 
Fort  Monmouth,  NJ  07703 

Commander 

US  Army  Electronics  Technology 
and  Devices  Lab. 

ATTN:  DELKT-MM  (Mr.  N.  Lipetz) 

Fort  Monmouth,  NJ  07703 

Director 

US  Army  Electronics  R&D  Command 
Night  Vision  & Electro-Optics  Labs. 
ATTN:  Dr.  Randy  Longshore 
Fort  Belvoir,  VA  22060 


Commander 

US  Army  Electronics  R&D  Command 
ATTN:  DRDEL-CT  (Dr.  W.  S.  McAfee) 

2800  Powder  Mill  Road 
Adelphi,  MD  20783 

Commander 

US  Army  Research  Office 
ATTN:  DRXRO-EL  (Dr.  James  Mink) 

P.0.  Box  12211 

Research  Triangle  Park,  NC  27709 
Director 

US  Army  Electronics  R&D  Command 
Night  Vision  Laboratory 
ATTN:  DFLNV 

Fort  Belvoir,  VA  22060 
COL  Robert  Noce 

Senior  Standardization  Representative 
US  Army  Standardization  Croup,  Canada 
Canadian  Force  Headquarters 
Ottawa,  Ontario,  Canada  K1A  )K2 

Commander 

Harry  Diamond  Laboratories 
ATTN:  Dr.  Robert  Oswald,  Jr. 

2800  Powder  Mill  Rond 
Adelphi,  MD  20783 

Commander 

US  Army  Communications  R&D  Command 
ATTN:  CENTACS  (Dr.  D.  C.  Pearce) 

Fort  Monmouth,  NJ  07703 

Director 

US  Army  Electronics  R&D  Command 
Night  Vision  & Electro-Optics  Labs. 
ATTN:  DELNV-ED  (Dr.  John  Pollard) 

Fort  Belvoir,  VA  22060 

Commander 

US  Army  Research  Office 

ATTN:  DRXRO-EL  (Dr.  William  A.  Sander) 

P.0.  Box  12211 

Research  Triangle  Park,  NC  27709 


Commander 

US  Army  Communications  R&D  Command 
ATTN:  DRDCO-COM-RH-1 
(Dr.  Felix  Schwerlng) 

Fort  Monmouth,  NJ  07703 

Commander 

US  Army  Electronics  Technology  and 
Devices  Lab. 

ATTN:  DKLF.T-I  (Dr.  C.  G.  Thornton) 

Fort  Monmouth,  NJ  07703 

U.S.  Army  Research  Office 
(3  copies) 

ATTN:  Library 
P.0.  Box  12211 

Research  Triangle  Park,  NC  27709 
Director 

Division  of  Neuropsychiatry 

Walter  Reed  Army  Institute  of  Research 

Washington,  D.C.  20012 

Commander 
USA  ARRADC0M 

ATTN:  DRDAR-SCF-CC  (Dr.  N.  Coleman) 
Dover,  NJ  07801 

DEPARTMENT  OF  THE  AIR  FORCE 

Mr.  Robert  Barrett 
RADC/ES 

Hanscom  AFB,  MA  01731 

Dr.  Carl  E.  Baum 
AFWL  (ES) 

Kirtland  AFB,  NM  87117 

Dr.  E.  Champagne 
AFAL/DH 

Wr ight-Pntterson  AFB,  OH  45433 

Dr.  R.  P.  Dolan 
RADC/ESR 

Hanscom  AFB,  MA  01731 


Mr.  W.  Edwards 
AFAL/DH 

Wright-Pat terson  AFB,  OH  45433 

Professor  R.  F..  Fontana 
Head  Dept,  of  Electrical  Eng. 

AFIT/ENE 

Wr ight-Patterson  AFB,  OH  45433 

Dr.  Alan  Garscadden 
AFAPL/POD 

Wright-Patterson  AFB,  OH  45433 

USAF  European  Office  of  Aerospace  Research 

ATTN:  Major  J.  Gorrell 

Box  14,  FP0,  New  York  09510 

LTC  Richard  J.  Gowen 

Department  of  Electrical  Engineering 

USAF  Academy,  CO  80840 

Mr.  Murray  Kesselman  (ISCA) 

Rome  Air  Development  Center 
Griffiss  AFB,  NY  13441 

Dr.  G.  Knausenberger 
Air  Force  Member,  TAC 

Air  Force  Office  of  Scientific  Research 
(AFSC)  AFSOR/NE 

Bolling  Air  Force  Base,  DC  20332 

Col.  R.  V.  Gomez 
Air  Force  Member,  TAC 

Air  Force  Office  of  Scientific  Research 
(AFSC)  AFSOR/NE 

Bolling  Air  Force  Base,  DC  20332 

Mr.  R.  D.  Larson 
AFAL/DHR 

Wright-Patterson  AFB,  OH  45433 

Dr.  Edward  Altshuler 
RADC/EEP 

Hanscom  AFB,  MA  01731 


Mr.  John  Mottsmith  (MCI) 

HQ  ESD  (AFSC) 

Hanscom  AFB,  MA  01731 

Dr.  Richard  Picard 
RADC/ETSL 

Hanscom  AFB,  MA  01731 

Dr.  J.  Ryles 
Chief  Scientist 
AFAL/CA 

Wrlght-Patterson  AFB,  OH  45433 

Dr.  Allan  Schell 
RADC/EE 

Hanscom  AFB,  MA  01731 

Mr.  H.  E.  Webb,  Jr.  (ISCP) 

Rome  Air  Development  Center 
Griff iss  AFB,  NY  13441 

Dr.  R.  Kelley 

Air  Force  Office  of  Scientific 

Research 

(AFSC)  AFOSR/NP 

Bolling  Air  Force  Base,  DC  20332 
LTC  G.  McKemie 

Air  Force  Office  of  Scientific 

Research 

(AFSC)  AFOSR/NM 

Bolling  Air  Force  Base,  DC  20332 

DEPARTMENT  OF  THE  NAVY 

Office  of  the  Naval  Research 
800  North  Quincy  Street 
Arlington,  VA  22217 
Attn:  Codes  220/221 
427 
432 

Naval  Research  Laboratory 
4555  Overlook  Avenue,  SW 
Washington,  DC  20375 


Attn:  Codes  1405  - Dr.  S.  Teitler 
2627  - Mrs.  D.  Folen 
5200  - A.  Brodzinsky 
5210  - J.  E.  Davey 
5270  - B.  D.  McCombe 
5403  - J.  E.  Shore 
5464/5410  - J.  R.  Davis 
5510  - W.  L,  Faust 
7701  - J.  D.  Brown 

Director 

Office  of  Naval  Research  Branch  Office 
495  Summer  Street 
Boston,  MA  02210 

Director 

Office  of  Naval  Research 
New  York  Area  Office 
715  Broadway,  5th  Floor 
New  York,  NY  10003 

Director 

Office  of  Naval  Research  Branch  Office 
536  South  Clark  Street 
Chicago,  IL  60605 

Direc tor 

Office  of  Naval  Research  Branch  Office 
1030  East  Green  Street 
Pasadena,  CA  91101 

Office  of  Naval  Research 
San  Francisco  Area  Office 
760  Market  Street,  Room  447 
San  Francisco,  CA  94102 

Naval  Surface  Weapons  Center 
Attn:  Technical  Library 
Code  DX-21 

Dahlgren,  VA  22448 

Dr.  J.  G.  Mills,  Jr. 

Naval  Surface  Weapons  Center 
Code  DF 

Dahlgren,  VA  22448 
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Naval  Air  Development  Center 
Johnsville 

Warminster,  PA  18974 
Attn:  Codes  01  - Dr.  R.  Lobb 
202  - T.  Shoppie 
Technical  Library 

Dr.  Cernot  M.  R.  Winkler 
Director,  Time  Service 
U.S.  Naval  Observatory 
Mass.  Ave.  at  34th  Street,  NW 
Washington,  DC  20390 

Dr.  G.  Gould 
Technical  Director 
Naval  Coastal  Systems  Laboratory 
Panama  City,  FL  32401 

Dr.  W.  A.  VonW inkle 
Associate  Technical  Director 
for  Technology 

Naval  Underwater  Systems  Center 
New  London,  CT  06320 

Naval  Underwater  Systems  Center 
Attn:  J.  Merrill 
Newport,  RI  02840 

Technical  Director 

Naval  Underwater  Systems  Center 

New  London,  CT  06320 

Naval  Research  Laboratory 
Underwater  Sound  Reference  Division 
Technical  Library 
P.0.  Box  8337 
Orlando,  FL  32806 

Naval  Ocean  Systems  Center 

San  Diego,  CA  92152 

Attn:  Codes  01  - H.  L.  Blood 

015  - P.  C.  Fletcher 
9102  - W.  J.  Dejka 
922  - H.  H.  Wieder 
532  - J.  H.  Richter 

Naval  Weapons  Center 

China  Lake,  CA  93555 

Attn:  Codes  601  - F.  C.  Essig 

5515  - M.  H . Ritchie 


Donald  E.  Kirk 
Professor  & Chairman 
Electronic  Engineering 
Sp-304 

Naval  Postgraduate  School 
Monterey,  CA  93940 

Mr.  J.  C.  French 
National  Bureau  of  Standards 
Electronics  Technology  Division 
Washington,  DC  20234 

Harris  B.  Stone 

Office  of  Research,  Development,  Test 
& Evaluation 
NOP- 98 7 

The  Pentagon,  Room  5D760 
Washington,  DC  20350 

Dr.  A.  L.  Slafkosky 
Code  RD-1 

Headquarters  Marine  Corps 
Washington,  DC  20380 

Dr.  H.  J.  Mueller 
Naval  Air  Systems  Command 
Code  310 
JP  #1 

1411  Jefferson  Davis  Hwy. 

Arlington,  VA  20360 

Mr.  Larry  Sumney 

Naval  Electronics  Systems  Command 
Code  03R 
NC  # 1 

2511  Jefferson  Davis  Hwy. 

Arlington,  VA  20360 

Naval  Sea  Systems  Command 
NC  #3 

2531  Jefferson  Davis  Hwy. 

Arlington,  VA  20362 
Attn:  Code  03C  - J.  H.  Huth 

Officer  in  Charge 
Carderock  Laboratory 
Code  522.1  - Technical  Library 
(Cont'd.  on  next  page) 
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Code  18  - G.  H.  Gleissner 
David  Taylor  Naval  Ship  Research 
& Development  Center 
Bethesda,  MD  20084 

Naval  Surface  Weapons  Center 
White  Oak 

Silver  Spring,  MD  20910 
Attn:  Codes  WX-40  - Technical  Library 
WR-303  - R.  S.  Allgaier 
WR-34  - H.  R.  Riedl 

OTHER  GOVERNMENT  AGENCIES 

Dr.  Howard  W.  Etzel 
Deputy  Director 

Division  of  Materials  Research 
National  Science  Foundation 
1800  G Street 
Washington,  DC  20530 

Mr.  J.  C.  French 
National  Bureau  of  Standards 
Electronics  Technology  Division 
Washington,  DC  20234 

Dr.  Jay  Harris 
Program  Director 
Devices  and  Waves  Program 
National  Science  Foundation 
1800  G Street 
Washington,  DC  20550 

Los  Alamos  Scientific  Laboratory 
ATTN:  Reports  Library 
P.0.  Box  1663 
Los  Alamos,  NM  87544 

Dr.  Dean  Mitchell 

Program  Director,  Solid-State  Physics 
Division  of  Materials  Research 
National  Science  Foundation 
1800  G Street 
Washington,  DC  20550 

Mr.  F.  C.  Schwenk,  RD-T 
National  Aeronautics  & Space 
Administration 
Washington,  DC  20546 


M.  Zane  Thornton 
Deputy  Director  Institute  for 
Computer  Sciences  and  Technology 
National  Bureau  of  Standards 
Washington,  DC  20234 

Head,  Electrical  Sciences  & Analysis 
Section 

National  Science  Foundation 
1800  G Street,  NW 
Washington,  DC  20550 

NON-GOVERNMENT  AGENCIES 

Director 

Columbia  Radiation  Laboratory 
Columbia  University 
538  West  120th  Street 
New  York,  NY  10027 

Director 

Coordinated  Science  Laboratory 
University  of  Illinois 
Urbana,  IL  61801 

Director 

Division  of  Engineering  and 
Applied  Physics 
Harvard  University 
Pierce  Hall 
Cambridge,  MA  02138 

Director 

Electronics  Research  Center 
The  University  of  Texas 
P.0.  Box  7728 
Austin,  TX  78712 

Director 

Electronics  Research  Laboratory 
University  of  California 
Berkeley,  CA  94720 

Director 

Electronics  Sciences  Laboratory 
University  of  Southern  California 
Los  Angeles,  CA  90007 
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Director 

Microwave  Research  Institute 
Polytechnic  Institute  of  New  York 
T13  Jay  Street 
Brooklyn,  NY  11201 

Director 

Research  Laboratory  of  Electronics 
Massachusetts  Institute  of  Technology 
Cambridge,  MA  02139 

Director 

Stanford  Electronics  Laboratory 
Standord  University 
Stanford,  CA  94305 

Director 

Stanford  Ginzton  Laboratory 
Stanford  University 
Scanford,  CA  94305 

Dr.  Lester  Eastman 

School  of  Electrical  Engineering 

Cornell  University 

Ithaca,  NY  14850 

Cha irman 

Department  of  Electrical  Engineering 
Georgia  Institute  of  Technology 
Atlanta,  GA  30332 

Dr.  Carlton  Walter 
ElectroScience  Laboratory 
The  Ohio  State  University 
Columbus,  OH  43212 

Dr.  Richard  Saeks 

Department  of  Electrical  Engineering 
Texas  Tech  University 
Lubbock,  TX  79409 

Dr.  Roy  Gould  , 

Executive  Officer  for  Applied  Physics 
California  Institute  of  Technology 
Pasadena,  CA  91125 
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